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The marine microbial nitrogen cycle 
Nitrogen, as one of the essential elements for all organisms, exists in multiple 
oxidation states and chemical forms, such as nitrogen gas, ammonium, NO, N2O, 
nitrite and nitrate (Capone et al., 2006, Fig. 1). Until the end of the 20th century, 
microbiologists assumed that all microbial reactions of the nitrogen cycle were known: 
nitrogen gas was fixed to ammonium by nitrogen-fixing microorganisms, fixed 
ammonium was used for either assimilation or nitrification and oxidized nitrogen was 
returned to the atmosphere via denitrification (indicated with the black lines in Fig. 1). 
However, within the last two decades, our knowledge of the nitrogen cycle was 
extended by the discovery of new important players involved in nitrogen cycling, such 
as anaerobic ammonium oxidizing (anammox) bacteria (Mulder et al., 1995) and 
aerobic ammonium oxidizing archaea (AOA; Könneke et al., 2005). The processes 
performed by these microorganisms are represented by reactions 8 and 10, depicted in 
red in Fig. 1.  
 
Fig. 1. The microbial nitrogen cycle. (1) dinitrogen gas fixation; (2) bacterial aerobic ammonium 
oxidation; (3) aerobic nitrite oxidation; (4) nitrate reduction; (5) denitrification; (6) assimilation; (7) 
dissimilation; (8) anaerobic ammonium oxidation; (9) dissimilatory nitrate reduction to ammonium; (10) 
archaeal aerobic ammonium oxidation. 
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In marine ecosystems, nitrogen cycling is strongly affected by marine oxygen 
minimum zones (OMZs, normally situated at water depths between 200 - 1000 meters), 
which cover about 0.1% of the ocean volume (Paulmier and Ruiz-Pino, 2009) but may 
contribute up to 50% of the oceanic nitrogen loss (Lam and Kuypers, 2011). Reports 
on the oxygen concentration in oceanic OMZs range from < 2 μM to 90 μM (Codispoti 
et al., 2005; Karstensen et al., 2008; Paulmier and Ruiz-Pino, 2009), which facilitates 
the occurrence of both micro-aerobic as well as anaerobic microorganisms. In view of 
the above mentioned new processes and microbial players further exploration of the 
interactions amongst marine N-cycle microbes is merited. This thesis focuses on 
marine nitrification, anammox and the interactions between these ammonium-
converting processes. 
Nitrification 
Nitrification is a two-step process which consists of aerobic ammonium oxidation and 
nitrite oxidation. Distinct groups of microorganism catalyze these processes. So-called 
aerobic ammonia-oxidizing bacteria or archaea (AOB, AOA) convert ammonium to 
nitrite, and nitrite-oxidizing bacteria (NOB) oxidize nitrite to nitrate. These organisms 
both use oxygen as a terminal electron acceptor. 
Ammonium oxidation 
Aerobic ammonia-oxidizing bacteria 
AOB were discovered at the end of 19th century (Winogradsky et al., 1890), and were 
assumed to be the only group of microorganism that aerobically convert ammonium to 
nitrite for a period of more than 100 years. Ammonia oxidation by AOB consists of 
two steps. The first step is the oxidation of ammonium to hydroxylamine (NH2OH) via 
the membrane-bound ammonia monooxygenase (AMO) enzyme. Secondly, 
hydroxylamine is oxidized to nitrite by the enzyme hydroxylamine oxidoreductase 
(HAO). Traditionally AOB were classified, mostly based on their cell morphology, 
into the following five genera: Nitrosomonas, Nitrosococcus, Nitrosospira, 
Nitrosovibrio and Nitrosolobus (Koops and Möller, 1991). After 16S rRNA sequence 
analysis became the accepted method for phylogeny, AOB were reclassified to 
Nitrosomonas, Nitrosococcus and Nitrosospira (the latter combining Nitrosospira, 
Nitrosovibrio and Nitrosolobus into a single genus; Head et al., 1993). All AOB fall 
within the Proteobacteria, with all members of Nitrosomonas and Nitrosospira closely 
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affiliated within the β-subclass, while Nitrosococcus oceani and Nitrosococcus 
halophilus belong to the γ-Proteobacteria (Head et al., 1993; Teske et al., 1994). In 
marine ecosystems, both β-AOB and γ-AOB have been observed (Nold et al., 2000; 
O’Mullen and Ward, 2005; Molina et al., 2007; Lam et al., 2007). 
Aerobic ammonia-oxidizing archaea 
Although archaea live in various extreme habitats on our planet and have specific 
adaptions to cope with these inhospitable environments (Woese, 1987), the physiology 
of most archaea remains to be elucidated. A few years ago, Venter et al. (2004) and 
Treusch et al. (2005) suggested that aerobic ammonium oxidation might also be 
performed by archaea based on the detection of a putative ammonia monooxygenase 
gene within archaeal metagenomic data. Moreover, upregulated putative amoA gene 
expression was observed in soil incubations of archaea with ammonium (Treusch et al., 
2005). This theory was ultimately confirmed by the first pure culture of a marine AOA, 
named Nitrosopumilus maritimus. This species was shown to belong to an abundant 
group of microorganisms - mesophilic Crenarchaeota (Könneke et al., 2005). Later the 
mesophilic Crenarchaea were reclassified into a new phylum called the 
Thaumarchaeota (Brochier-Armanet et al., 2008). Thaumarchaeota include two 
distinct lineages of AOA, which are the marine group I.1a and the terrestrial group I.1b 
(Spang et al., 2010). So far, eight species have been described within this phylum: 
Nitrosopumilus maritimus (Könneke et al 2005), Cenarchaeum symbiosum (Preston et 
al., 1996), “Candidatus Nitrosocaldus yellowstonii” (de la Torre et al., 2008), 
Nitrososphaera viennensis (Tourna et al., 2011), “Candidatus Nitrososphaera 
gargensis” (Hatzenpichler et al. 2008), “Candidates Nitrosoarchaeum koreensis” (Kim 
et al., 2011) “Candidatus Nitrosotalea devanaterraand” (Lehtovirta-Morley et al., 2011) 
and “Candidatus Nitrosoarchaeum limnia” (Blainey et al., 2011).  
Comparison of AOB and AOA 
In comparison to AOB, AOA are found in higher cell numbers in marine ecosystems 
where nutrient availability is extremely limited, based on direct cell counts and copy 
numbers (16S RNA and amoA gene) (Wuchter et al., 2006; Mincer et al., 2007; Lam et 
al., 2007). Recent research indicates that AOA might be better equipped to deal with 
nutrient limitation because they may have a different reaction mechanism (Walker et 
al., 2010) and possess higher substrate affinity than the AOB (Martens-Habbena et al., 
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2009). Instead of oxidation through hydroxylamine as in the pathway of AOB, AOA 
have been hypothesized to first oxidize ammonia to nitroxyl (HNO) using the archaeal 
AMO enzyme after which multicopper oxidase (MCO)-like proteins might act as a 
nitroxyl oxidoreductase (NXOR) facilitating the oxidation of nitroxyl to nitrite. AOA 
would profit from adopting this more energy-efficient pathway in nutrient poor 
environments (Walker et al., 2010). In addition, use of the likely more energy-efficient 
3-hydroxypropionate/4-hydroxybutyrate pathway for CO2 fixation rather than the 
Calvin–Bassham–Benson cycle used by AOB, AOA could gain a further growth 
advantage in low-energy environments (Walker et al., 2010). In addition, extremely 
high ammonium (Ks = 132 nM) as well as oxygen (Ks = 133 nM) affinities were found 
for AOA in comparison to AOB (> 20 μM), which would allow substrate scavenging 
(Martens-Habbena et al., 2009). AOA on average have a much smaller cell size than 
AOB (see Fig.2.). This feature, because of the higher surface: volume ratio in AOA as 
well as the lower energy cost for maintenance of the cell, may be beneficial under low 
nutrient conditions.   
 
Fig. 2 Transmission micrographs of AOB (A-C) and AOA (D and E): A: Nitrosomonas sp. (Satoh et al., 
2004).; B:  Nitrosospira briensis-like AOB (Tomiyama et al., 2001); C: Nitrosococcus oceani ATCC 
19707.(Klotz et al., 2006); D: Nitrosopumilus maritimus (Könneke et al., 2005); E: Nitrososphaera 
viennensis (Tourna et al., 2011). Scale bars from image A to E represented 1 μm, 0.5 μm, 0.5 μm, 0.1 μm 
and 1 μm, respectively. 
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Molecular detection of aerobic ammonium oxidizers 
The 16S ribosomal RNA gene has been used as a biomarker to detect both bacterial 
and archaeal aerobic ammonium oxidizers. For AOB, most of the primers were 
designed to detect AOB affiliated with the β-Proteobacteria (Aakra et al., 2001; Molina 
et al., 2007; Junier et al., 2008), while only few studies were devoted to design of 
primers for γ-AOB (Ward et al., 2000). A few archaeal-specific 16S rRNA primers sets 
are available to detect AOA (Könneke et al., 2005; Lehtovirta-Morley et al., 2008; 
Tourna et al., 2008). In addition to the 16S RNA gene, the amoA gene, which codes for 
one of the subunits of the AMO enzyme, is widely used as functional biomarker to 
detect and quantify AOA and AOB in various ecosystems (Stephen et al., 1996; Ward 
et al., 1997; Rotthauwe et al., 1997; Mincer et al., 2007; Lam et al., 2009). 
Fluorescence in situ hybridization (FISH) is often used to detect and quantify AOB as 
well. FISH detection of AOB is possible from a genus down to species level dependent 
on the specificity of the probes used (Okabe et al., 1999; Schramm et al., 2000). For in 
situ detection of AOA, instead of conventional FISH methods, catalyzed reporter 
deposition-fluorescence in situ hybridization (CARD-FISH) is most often used 
(Wuchter et al., 2006; Lam et al., 2007; Radax et al., 2012). 
 
Fig. 3 Structure of glycerol dibiphytanyl glycerol tetraethers (GDGT-0,1,2,3) and Crenarchaeol. This 
figure is adapted from Schouten et al., 2007 
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In addition to gene-based molecular detection, crenarchaeol/thaumarchaeol, the core 
component of thaumarchaeotal cell membrane lipids, has been used as a biomarker for 
the presence of AOA (Sinninghe-Damsté et al., 2002a; Zhang et al., 2006; Pitcher et al., 
2011). Crenarchaeol is similar in structure to other glycerol dialkyl glycerol tetraethers 
(GDGTs) but contains one cyclohexane and four cyclopentane rings formed by internal 
cyclisation of the biphytanyl chains (Sinninghe-Damsté et al., 2002b), as shown in 
Fig.3. 
Nitrite oxidation 
NOB perform the oxidation of nitrite to nitrate in the second step of nitrification. This 
recation is catalyzed by the enzyme nitrite oxidoreductase (NXR). So far, NOB are 
found in five genera: Nitrobacter, Nitrococcus, Nitrospina, Nitrospira (Spieck and 
Bock, 2005), and the recently discovered Nitrotoga (Alawi et al. 2007). NOBs are 
phylogenetically diverse and are found in several subdivisions of the phylum 
Proteobacteria, with the exception of Nitrospira which is situated in the separate 
phylum Nitrospira. Because of the phylogenetic diversity of NOB, a single molecular 
biomarker able to detect different species of NOB in various environments is not 
available. The diversity and distribution of NOB in oceans is poorly understood. All 
genera, except for Nitrotoga, have been detected in marine ecosystems, although 
Nitrobacter was generally not abundant in oceans (Koops and Pommerening-Röser, 
2001), Nitrospira species have been found to be relatively widespread across various 
marine aquaculture systems (Foesel et al., 2008; Keuter et al., 2011). Nitrococcus and 
Nitrospina have been described to be abundant in OMZs and some open sea systems 
(Mincer et al., 2007; Santoro et al., 2010; Füssel et al., 2011), respectively. Which 
microorganisms are responsible for marine nitrite oxidation remains to be further 
explored. 
Anammox 
Ammonium oxidation was traditionally thought to be a strictly aerobic process. 
Although the presence of anaerobic ammonium-oxidizing bacteria was predicted in 
1977 (Broda, 1977), the actual discovery of anammox bacteria only took place about 
20 years later, when substantial nitrogen loss was observed in a denitrification 
wastewater system (Mulder et al 1995).  
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Phylogeny and physiology of anammox bacteria 
The first anammox bacterium - Candidatus “Brocadia anammoxidans”, was enriched 
from a freshwater wastewater treatment system (Strous et al., 1999). After this, 
researchers began to look for anammox bacteria elsewhere, at places where anoxic 
conditions and the presence of ammonium coincided. So far, all know anammox 
bacteria belong to a new monophyletic order of the phylum Planctomycetes called 
‘Brocadiales’ (Jetten et al 2009), which includes five anammox Candidatus (Ca.) 
genera: Brocadia (Strous et al., 1999; Kartal et al., 2008; Hu et al., 2010; Rothrock et 
al., 2011), Kuenenia (Schmid et al., 2001), Scalindua (Schmid et al., 2003; Kuypers et 
al., 2003; Woebken et al., 2008), Anammoxoglobus (Kartal et al., 2007b) and Jettenia 
(Quan et al., 2008), as shown in Fig. 4. Only “Ca. Scalindua” genera sequences have 
been detected in marine ecosystems (Schmid et al., 2007; Woebken et al., 2008; 
Harhangi et al., 2012). The other four anammox genera have all been detected in 
freshwater and terrestrial systems (Hu et al., 2010, 2011; Humbert et al., 2010; Hirsch 
et al., 2011; Harhangi et al., 2012).  
 
Fig. 4 Phylogenetic tree of partial 16S rRNA gene sequences (485 bp) of the ‘Brocadiaceae’ family. The 
phylogenetic tree was constructed using the Neighbour-Joining (Jukes-Cantor model, Schmid et al., 2007) 
and bootstrap analysis of 500 replicates. 
 
Anammox bacteria grow very slow, with doubling times of about 10~12 days in both 
laboratory cultures and wastewater treatment systems (Strous et al., 1998; van de Star 
et al., 2007). To facilitate such low growth rates sequencing batch reactors are applied 
to enrich for anammox bacteria, because SBR systems allow for efficient biomass 
retention (Strous et al., 1998; Kartal et al., 2007b; 2008; van de Vossenberg et al., 
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2008). Anammox bacteria are strictly anaerobic microbes; the activity of “Ca. 
Kuenenia stuttgatiensis” has been reported to be inhibited when trace amounts of 
oxygen (~ 1 μM) are present (Strous et al., 1997). Ammonium, nitrite and bicarbonate 
are converted according to equation (1) (Strous et al., 1998) by anammox bacteria. This 
reaction yields energy for growth, and bicarbonate is used as a carbon source via the 
acetyl-CoA pathway to produce biomass (Strous et al., 2006).  
NH4+ + 1.32 NO2- + 0.066HCO3- + 0.13H+ → 1.02 N2 +0.26 NO3- + 0.066CH2O0.5N0.15 
+ 2.03 H2O               Eqn. (1) 
The affinities of anammox bacteria for both ammonium and nitrite are very high (Ks 
values less than 5 μM, Strous et al., 1999). Actual affinities might even be higher 
because mass transfer limitation (10-30% non-anammox bacteria; Strous et al., 1998; 
Kartal et al., 2007b; van de Vossenberg et al., 2008) may occur in SBR enrichments. 
Recently, membrane bioreactors (MBR) were reported to be a promising tool for the 
cultivation anammox bacteria as free single cells with higher purity (> 97% anammox 
bacteria) (van der Star et al., 2008). This type of cultivation is expected to provide 
better material to investigate the physiology and biochemistry of anammox bacteria. 
With “Ca. Kuenenia stuttgartiensis” single cells, it has been estimated that the Ks for 
nitrite is 0.2 – 3 μM (van der Star et al., 2008). 
Recent studies have suggested that three reactions are involved in the anammox 
reaction (Strous et al., 2006; Kartal et al., 2011). First, nitrite is reduced to nitric oxide 
(NO) by a nitrite::nitric oxide reductase (NirS); secondly, the produced NO and 
ammonium are converted to hydrazine (N2H4) by the enzyme hydrazine synthase (Hzs). 
In the last step N2H4 is converted to N2 by hydrazine/hydroxylamine oxidoreductases 
(HZO/HAO). The enzymes involved in the separate steps have recently been purified 
and characterized in detail (Maalcke, 2012) 
Anammox cell biology  
Anammox bacterial cells possess a complex compartmentalization. The cells are 
divided into three compartments by individual bilayer membranes (from outside to 
inside, as shown in Fig. 5A) (van Niftrik et al., 2008a; 2008b; 2010; Neumann et al., 
2011). Firstly, the outmost compartment, the paryphoplasm, which is bounded by the 
cytoplasmic membrane. Secondly, the middle compartment, the riboplasm, bounded on 
the outside by an intracytoplasmic membrane, containing DNA, ribosomes and storage 
Chapter 1 
 
10 
material (glycogen). Thirdly, the innermost compartment called the anammoxosome, 
which is bounded by the anammoxosome membrane and occupies most of the cell 
volume. The anammoxosome compartment has been suggested to be the site where 
catabolism takes place (van Niftrik et al., 2004; 2008a; 2010). All investigated 
anammox genera display the above described cell plan (van Niftrik et al., 2008a). For 
marine “Ca. Scalindua” anammox bacteria, two morphotypes have been observed: one 
with pilus-like appendages and one without (Fig. 5B and C) (van de Vossenberg et al., 
2008; van Niftrik et al., 2008a). In addition, unique ladderane lipids are found in the 
membrane of anammox bacteria. These lipids contain up to five linearly concatenated 
cyclobutane rings as shown in Fig. 6 (Sinninghe Damsté et al., 2002b).  
 
Fig. 5 Schematic drawing of the anammox cell plan (A) and electron micrograph of “Ca. Scalindua” 
anammox bacterium (B, C). MB, membrane. Scale bars: 200 nm. Adapted from van Niftrik et al., 2008a; 
2010. The symbol on image B and C indicates the compartments of paryphoplasm (p), riboplasm (r), 
anammoxosome (a) and particles of glycogen (g) and iron (Fe). 
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Fig. 6 Structures of ladderane lipids of anammox bacteria: A: C18[5], B: C18[3], C: C20[5], D: C20[3]. 
Adapted from Rattray et al., 2008. 
 
Molecular detection of anammox bacteria 
Traditional molecular techniques including PCR/qPCR (16S rRNA gene and functional 
gene based) and FISH have been used for detection and quantification of anammox 
bacteria in various environments. The 16S rRNA gene-based PCR amplification with 
Planctomycetes-specific (Pla46F/630R) or anammox-specific (Amx368F/ Amx820R) 
primers is commonly used to detect anammox bacteria (Schmid et al., 2000, 2007; 
Penton et al., 2006). Functional PCR amplification approaches include amplification of 
genes encoding the hydrazine/hydroxylamine oxidoreductases (hao/hzo) (Schmid et al., 
2008), the nirS gene, encoding nitrite reductase (Li et al., 2011) and the hzsA gene, 
encoding a subunit of the hydrazine synthase (Harhangi et al., 2012). By application of 
real-time quantitative PCR analysis, quantification of anammox bacteria is possible for 
enrichments as well as environmental samples (Tsushima et al., 2007; Hu et al., 2010, 
Lam et al., 2009; Dang et al., 2010; Harhangi et al., 2012). FISH is an excellent tool to 
detect and assess the abundance of anammox bacteria. Both general anammox probes 
as well as probes targeting specific anammox species are available. For example, to 
detect all anammox bacteria in enrichments and environmental samples, probe Pla46 
(Neef et al., 1998) which targets Planctomycetes and probe Amx368 that targets all 
anammox bacteria have been applied (Schmid et al., 2003). Probe Amx820 was 
designed on basis of the “Ca. Kuenenia sp.” and “Ca. Brocadia sp.” (Schmid et al., 
2001) 16S rRNA gene sequences. Probes specifically designed for each known 
anammox species are available. For instance probe KST1275 for “Ca. Kuenenia sp.” or 
Ca. Ban162 for “Ca. Brocadia sp.” (Schmid et al., 2000). Thus, by using probe 
combinations of different specific probes and general probes, it is possible to 
distinguish different species of anammox within a single sample (Schmid et al., 2003; 
Kartal et al., 2006; 2007b). 
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Furthermore, because of the unique membrane lipid composition, ladderane lipids have 
been used as biomarkers for detection the presence of anammox bacteria in both 
enrichments (Kartal et al., 2007b; van de Vossenberg et al., 2008; Rattary et al., 2008) 
as well as natural environments (Kuypers et al., 2003; Schmid et al., 2003; Jaeschke et 
al., 2009; 2010).  
Interactions of anammox bacteria and other N-cycle microbes in marine OMZs 
It was previously believed that the conversion of nitrate to N2 by heterotrophic bacteria 
in the process of denitrification was the only important nitrogen sink resulting in the 
loss of fixed inorganic nitrogen from the ocean. This view was challenged by the 
discovery of anammox activity in North Sea sediments (Dalsgaard and Thamdrup, 
2002). The first direct evidence of marine anammox bacterial activity was found in the 
Black Sea, which is the largest anoxic basin in the world (Kuypers et al., 2003). Since 
then, many researchers have evaluated the importance of anammox bacteria in OMZs 
such as that of Benguela (Kuypers et al., 2005), Peru (Hamersley et al., 2007; Lam et 
al., 2009), Chile (Thamdrup et al., 2006; Galán et al., 2009), Namibia (Woebken et al., 
2007) and the Arabian Sea (Jensen et al., 2011, Ward et al 2009). Anammox has been 
estimated to contribute to up to 50% of all oceanic nitrogen loss (Brandes et al., 2007). 
As anammox bacteria need both ammonium and nitrite as substrates, it is not always 
clear how these anammox substrates are provided in OMZs, and the interactions of 
anammox bacteria with other N-cycle microbes in marine OMZs is not fully 
understood. 
Ammonium can be provided to anammox by two processes. Firstly, ammonium can be 
released from remineralization of organic matter via nitrate reduction and dissimilatory 
nitrate reduction to ammonium (DNRA) (Brandes et al., 2007; Lam et al., 2009). In the 
upper OMZs (< 100m), anammox bacteria might mainly obtain ammonium from 
remineralization (Lam et al., 2009). In deeper parts of the OMZs (> 100m), the DNRA 
process might be a more important source of ammonium (Lam et al., 2009). It is yet 
unclear which microbes are responsible for the DNRA processes in OMZs, but 
anammox bacteria are also able to perform this process themselves (Kartal et al., 2007a; 
van de Vossenberg et al., 2008; 2012). 
Both anaerobic nitrate reduction and aerobic ammonium oxidation might provide 
nitrite to anammox bacteria, and these processes have been found responsible for about 
Chapter 1 
 
13 
67% and 33% of the total nitrite supply in marine ecosystems (e.g. in the Peruvian 
OMZ), respectively (Lam et al., 2009). In the presence of trace amounts of oxygen 
(< 10 μM), aerobic ammonium oxidizers protect anammox bacteria from oxygen 
toxicity and provide nitrite for the anammox reaction. Cooperation between aerobic 
and anaerobic ammonium oxidizers has been confirmed in freshwater laboratory 
experiments. The simultaneous activities of anammox bacteria and nitrifiers result to 
the so-called CANON process (Complete Autotrophic Nitrogen removal Over Nitrite) 
(Third et al., 2001; Sliekers et al., 2002; 2003). Both bacterial and archaeal ammonium 
oxidizers have been found to co-exist with anammox bacteria in OMZs (Woebken et 
al., 2007; Lam et al., 2007; 2009; Rusch et al., 2009), and AOA have been found at 
higher abundance than AOB (Lam et al., 2007; 2009; Stewart et al., 2011). However, 
the relative importance of AOA and AOB for marine nitrification is still unclear. The 
relative contribution of these phylogenetically distinct but physiologically comparable 
groups may depend on environmental parameters such as salinity and ammonium 
availability (Bernhard et al., 2010). Nitrate reduction is the first step of denitrification, 
and many microbes can catalyze the reduction of nitrate to nitrite (Zumft et al., 1997). 
A recent study indicated that the sulfur cycle might be linked to the anammox process 
and other N-cycle processes in marine OMZs (Canfield et al., 2012). Therefore, sulfur-
oxidizing nitrate reducers may be also nitrite providers in marine OMZs. When oxygen 
is sufficient, aerobic nitrite oxidizers may be very good competitors for nitrite with 
anammox bacteria, and would recycle part of the nitrite back to nitrate (Füssel et al., 
2011). 
Outline of this thesis 
The aim of the research presented in this thesis was to gain insight into the 
ecophysiological interactions of marine N-cycle microbes. Special attention was paid 
to aerobic ammonium oxidizers, anammox bacteria, nitrite oxidizers and their 
interactions. 
In Chapter 2, the influence of various salts on aerobic ammonium-oxidizing 
enrichments was investigated and their effects were compared between free-living and 
sodium alginate-immobilized biomass. In addition, the community composition of both 
free and sodium alginate-immobilized biomass was determined and compared.  
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Chapter 3 describes a marine model system to study the interactions between marine 
anammox bacteria and endogenous nitrifiers. By introducing incremental amounts of 
oxygen to marine anammox enrichments, changes in activities of anammox bacteria, 
aerobic and nitrite ammonium oxidizers and the community composition could be 
followed.  
In Chapter 4, AOA from a separate culture were introduced into marine anammox 
enrichments under oxygen-limited conditions. Because of the presence of indigenous 
AOB, a mixed culture of AOA, AOB and anammox bacteria was obtained and 
investigated under different residual ammonium concentrations. The community 
composition of this mixed culture was monitored by qPCR and massive mRNA 
sequencing (RNA-seq). Furthermore, the mixed culture was characterized with respect 
to lipid content, cellular morphologies and the relative contribution of AOA and AOB 
to nitrification was investigated. 
As discussed above, only “Ca. Scalindua sp.” anammox bacteria are found in marine 
ecosystems, however, the driving factor for this species distribution is unknown. With 
this question in mind, in Chapter 5, the effects of three selected environmental factors 
(ammonium and nitrite concentrations and temperature) on the competition between 
“Ca. Kuenenia” (freshwater) and “Ca. Scalindua” (marine) anammox bacteria were 
investigated. Changes of each anammox species under various conditions were 
monitored by qPCR and FISH. 
Finally, the main results of this thesis are summarized in Chapter 6. Implications of the 
results and questions remaining are discussed in this Chapter as well. 
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Chapter 2 
Comparison of the effects of different salts on aerobic 
ammonia oxidizers for treating ammonium-rich organic 
wastewater by free and sodium alginate-immobilized biomass 
systems 
 
 
 
 
 
 
 
 
 
 
Jia Yan, Mike Jetten, Jinlong Ran, Yongyou Hu (2010) Comparison of the effects of 
different salts on aerobic ammonia oxidizers for treating ammonium-rich organic 
wastewater by free and sodium alginate immobilized biomass system. Chemosphere 
81:669-73. 
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Abstract 
Partial nitrification to nitrite by aerobic ammonium oxidizing bacteria (AOB) is 
an important pre-treatment step for subsequent denitrification and anammox. 
Ammonium-rich wastewater may contain different amounts of organic matter 
and salts, which can influence the growth and activity of AOB significantly. In 
this study we investigated the influence of various salts on the performance of a 
partial nitrification process with free and sodium alginate immobilized biomass. 
Immobilization of the AOB cells did not have a great effect on the activity of the 
biomass, and complete inhibition of the immobilized AOB was observed at 
sulfate, chloride and phosphate concentrations of 500, 1000 and 700 mM, 
respectively. Free biomass was already inhibited at 300, 500 and 500 mM 
concentrations of sulfate, chloride and phosphate. Both free and immobilized 
biomass contained Nitrosomonas europaea/eutropha -like AOB. Compared to 
free nitritifying biomass, immobilized biomass appeared to be less sensitive to 
salt stress (maximum 30%). Since no difference in the composition of the AOB 
was observed between free and immobilized biomass, the protection by the 
immobilization is the most likely factor explaining the observed differences. 
Introduction 
Several new processes and operational strategies like combined nitrification-
denitrification and partial nitrification-anammox have emerged in order to remove 
high concentrations of nitrogen compound in wastewaters (Jetten et al 1997; Fux et 
al., 2002; Aslan et al., 2009). All these processes are based on the feasibility of 
partial nitrification to nitrite by aerobic ammonium oxidizing bacteria (AOB). The 
partial nitrification of ammonia to nitrite not only reduces the oxygen requirements 
for the process, but also results in less organic matter needed for denitrification. In 
the case of combination with anammox no organic matter is needed at all because 
both groups of bacteria use CO2 for assimilation. 
Many nitrogenous wastewaters, such as urban landfill leachate, contain high amounts 
of organic matter and salts (Kjeldsen et al., 2002). Sulfate, phosphate and chloride 
salts are the most abundant components of leachate. Autotrophic AOB, which 
convert ammonium to nitrite, have to compete for oxygen with heterotrophic bacteria 
in these ammonium-rich organic wastewater treatment processes, and the free 
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nitrifiers can be easily washed out of the reactor even when long retention times are 
applied. In addition, AOB are strongly influenced by a variety of environmental 
factors and toxic substrates, including dissolved oxygen (DO), salt, organic carbon 
and so on (Philips et al., 2002; Rene et al., 2008).  
Immobilization can be an effective method to prevent biomass from washed out, 
when environmental factor are not favorable or toxic substrate are present (Wijffels 
and Tramper, 1995; Ho et al., 2008). Although the procedure is often used to 
immobilize pure cultures, the method can also be applied to mixed cultures (Rostron 
et al., 2001; Oliveira et al., 2009). The effects of several environmental factors on 
immobilized biomass have been studied by various research groups (Isaka et al., 
2007; Yan and Hu, 2009), however, the possible influence of salt on immobilized 
biomass has so far not received much attention. Because different studies used 
various operating conditions and microbial communities, the reports on the effect of 
salt on nitrification are difficult to compare (Campos et al., 2002; Moussa et al., 2006; 
Tan et al., 2008).  
Therefore in this study the influences of salt on partial nitrification with free and 
sodium alginate (SA) immobilized biomass, which was used to treat ammonium-rich 
organic wastewater, were investigated. At first, the maximum ammonium oxidizing 
activity of free and SA immobilized biomass was determined, and then the influence 
of phosphate, sulfate and chloride on free biomass and SA immobilized biomass was 
investigated. Finally, the AOB present in free and SA immobilized beads were 
identified by using molecular methods. The aim of this work was to determine if 
immobilization has an advantage in reactor operation for ammonium-rich organic 
wastewater with large amount of salts. 
Materials and methods 
Immobilization methods 
Biomass was obtained from the activated sludge of the aeration tank of an urban 
wastewater treatment plant (WWTP) in Guangzhou, China, and acclimated with 
synthetic ammonia and COD feeding for eight month in two 5 L sequencing batch 
reactors (SBR) resulting in stable partial nitrifying biomass. The acclimated biomass 
was washed by distilled water three times before use. One portion of the concentrated 
biomass (28.8 mg volatile suspended solids ml-1) was mixed thoroughly with two 
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portion of the support solution. Then the mixture was pumped into crosslink solution 
to form solid beads. The solid beads were ready for use after a recovery period of 12 
h to minimize the effect of immobilized process to the biomass (Yan and Hu, 2009). 
The particle size of SA immobilization beads were 3.7 ± 0.1 mm. 
  
Fig. 1 An image of SA immobilized beads taken by normal camera; B schematic diagram of SBR 
reactor system: 1 influent buffer; 2 aerator; 3 motor; 4 bioreactor; 5 booster pump; 6 thermostatic buffer; 
7 temperature control system; 8 settling tank; 9 air flow meter; 10 influent pump. 
 
Experimental setup and procedure 
The batch experiments were carried out in twelve simultaneous SBRs of 1 L with a 
volume exchange ratio of about 0.8. Half of the reactors were used for free biomass 
and the others were used with immobilized biomass. For immobilized biomass 
systems, 200 ml of immobilized beads was added to each reactor. All the reactors 
were stirred magnetically. A PVC net was installed at the bottom of the reactor (pore 
size 1 mm) to keep the immobilized beads away from the rotor. For free biomass 
systems, 300 ml of free biomass was added to each reactor and the PVC net was not 
installed (70 ml concentrated biomass could be obtained from 300 ml free biomass, 
and 70 ml concentrated biomass mixed with support solution could finally yield 200 
ml immobilized beads, which means equal amounts of biomass were used in free and 
immobilized biomass experiments). 
All reactors were provided with a thermostatic jacket and the temperature was 
maintained at 30 ± 1 °C using a thermostatic bath. One pump (Beta/4a 0708, 
Prominent, Germany) and air flow meter were fittded to each reactor. The supernate 
after settling of all reactors were drawn by gravity discharge using an electro-valve. 
DO was measured with an electrode (550A, YSI, USA) and controlled at about 4 
A B 
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mg·L-1 by adjusting the air flow rate manually. The pH was measured with an 
electrode (pH 6.0, Ecoscan, Singapore) and adjusted to about 7.5 by addition of 1 M 
H2SO4 or 1 M NaOH solution, respectively. The feeding medium contained (g·L
-1): 
2.305 NH4Cl, 3.60 HaHCO3, 0.30 CaCl2, 0.07 KH2PO4, 0.02 MgSO4, 0.009 
FeSO4·7H2O, 0.006 EDTA, 0.26 C6H12O6 and 1.25 ml traces solution (The trace 
solution was according to Strous et al. (1998)). 
The experimental time covered three periods. The feeding medium of each reactor 
was different in each period. A summary of the feeding conditions for each reactor is 
given in Table 1. The feeding solution was described as above during the entire 
experiment but with different salt concentrations. 
Table 1 Feeding conditions for each reactor in each period 
Period   Salt* Salt concentration (mM) for each reactor 
 Immobilized biomass system  Free biomass system 
 1 2 3 4 5 6 7 8 9 10 11 12 
A Sulfate 0 50 100 250 300 500 0 50 100 250 300 500 
B Chloride 0 100 300 500 700 1000 0 100 300 500 700 1000 
C Phosphate 0 100 200 300 400 500 0 100 200 300 400 500 
* Salts concentration in feeding medium were ignored. 
Activity assays 
The maximum aerobic ammonium oxidation activity was measured under fully 
aerobic conditions. Biomass was washed 3-5 times with distilled water (20 and 30 ml 
for free and immobilized biomass, respectively, the protein concentration was about 
6 mg·ml-1), then was transferred to 250 ml conical flasks. 100 ml medium with pH 
7.5 was added to the conical flask. In order to measure aerobic ammonium oxidation 
activity, a final concentration of 1.5 mM ammonium was used. The flasks were 
incubated at 30 ± 1 °C and were shaken continuously at 150 rpm. Ammonium, nitrite 
and nitrate were measured over time for 2 h, with interval sampling time for 30 min. 
DNA extraction, Polymerase chain reaction (PCR) amplification of bacterial 
amoA gene and phylogeny inference 
Total genomic DNA was extracted as described previously (Schmid et al., 2007). 
The preferential polymerase chain reaction (PCR) amplification of bacterial amoA 
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gene was performed with amoA forward primer (5’-GGGGTTTCTACTGGTGGT-3’) 
in combination with amoA reverse primer (5’- CCCCTCKGSAAAGCCTTCTTC-3’). 
PCR was performed with a Tgradient cycler (Biometra, Germany). Negative controls 
(no DNA added) and positive controls (DNA from a ‘Nitrosomonas eutropha’ pure 
culture) were included in all sets of amplifications. The presence and size of 
amplification products were determined by agar (1%) gel electrophoresis of 5 µl 
aliquots of the PCR products. Cloning was performed using the pGEM-T easy vector 
cloning kit (Promega Corporation, USA) according to the supplier’s instructions. 
Plasmid DNA was extracted using the E.Z.N.A. Plasmid Mini Kit (Omega BIO-TEK, 
USA). Clones were checked by restriction analysis of plasmid DNA (EcoR1, 
Fermentas GMBH, Germany). AmoA gene sequences were obtained by sequencing 
with primer M13F. The amoA gene sequences determined in this study have been 
deposited in GenBank under accession numbers GQ120563, GQ141713 to 
GQ141713 and GU226188 to GU226193. 
Analytical Methods 
Ammonium, nitrite and nitrate were measured according to Standard Methods 
(APHA, 1995). The volume of immobilized bead was measured by draining method, 
which measured the volume of mixed liquor displaced when immobilized beads were 
added. 
Experimental data 
For every salt concentration tested, the percentage of nitrite in this study was the 
percentage of produced nitrite concentration to total ammonium concentration in the 
medium. 
All the results of this study were average values (n > 5), the error bars in the figures 
indicate the relative error. For the study of salt tolerance, the values used were the 
concentration in the effluent of the reactor after the reactor worked stable. 
Results and discussion 
Aerobic ammonia-oxidizing activity of free and immobilized biomass 
The nitrification rates of the free and immobilized biomass were compared using 
batch tests as shown in Fig. 1. In batch experiments, ammonia oxidizing activity of 
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immobilized biomass was about 10% lower than free biomass. This result indicated 
that either the AOB were partly damaged during the immobilization process or that 
the activity was limited by internal mass transfer of substrates (Benyahia and 
Polomarkaki, 2005). No nitrate was detected during the entire experiment, which 
might indicated that nitrite-oxidizing bacteria were not present or not active. 
 
Fig. 2 Batch tests of aerobic ammonia-oxidizing activity of free and immobilized biomass 
 
Effect of salts on partial nitrification by free and immobilized biomass 
Sulfate and chloride 
Figure 2a and b present the results obtained in the experiments with sodium sulfate 
and sodium chloride additions. Ammonium conversion and subsequent nitrite 
accumulation decreased with increasing sulfate and chloride concentrations. As 
shown in Fig. 2a, about 40% of ammonia-oxidizing activity was lost with the free 
biomass at 100 mM sulfate, while the decrease within the immobilized biomass 
system was only 25% (nitrite concentration in the immobilized biomass system was 
1.3 times higher than that of the free biomass system). At 500 mM sulfate no 
ammonia-oxidizing activity was observed either in free or immobilized cells. The 
inhibitory effect of chloride was less pronounced than that of sulfate in this study 
(Fig. 2b). Only 25% and 10% ammonia-oxidizing activity lost at a chloride 
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concentration of 100 mM in the free and immobilized system, respectively (nitrite 
concentration in the immobilized biomass system was 1.2 times higher than that of 
the free biomass system). Ammonium oxidation was completely inhibited when the 
chloride concentration reached 500 mM with the free cells, while for the 
immobilized cells a chloride concentration of 1000 mM was necessary to completely 
inhibit activity. 
The comparable effects of sulfate and chloride on AOB in the present experiments 
may be attributed to an increase of osmotic pressure as reported by Hunik et al. 
(1992). Our inhibition percentages observed at 100 mM are in agreement with 
previous reports (Hunik et al., 1992; Campos et al., 2002; Mosquera-Corral et al., 
2005). Also the effect of chloride in those studies was less severe than that of sulfate 
additions. The values where complete inhibitions were observed previously are in 
good agreement with our values namely 525 mM (Campos et al., 2002), 513 mM 
(Mosquerra et al., 2005) and 1127 mM (Moussa et al., 2006), respectively. This 
result indicated that some halotolerant AOB might be present in the biomass (see 
below). The effects of salts on nitrite formation were less pronounced when the cells 
were immobilized especially in the chloride tests. Besides, it seems that maybe 
because of the higher charge, the effect of sulfate was higher than chloride. 
Phosphate 
Figure 2c showed that the effect of phosphate on nitrite formation was similar to that 
of sulfate, and that at 500 mM activity was completely inhibited for free cells. 
Appropriate levels of phosphate are necessary for the growth of nitrifiers, the half-
saturation coefficient for AOB being 0.03 mg P·L-1 (Nowak et al., 1996). It has been 
reported previously that nitrification was inhibited by phosphate limitation (van 
Droogenbroeck and Laudelout, 1967). Van Droogenbroeck and Laudelout (1967) 
also found that the specific growth rate of Nitrosomonas was not very sensitive to 
phosphate below 100 mM which is comparable to our results. 
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Fig. 2 Effect of sulfate (a), chloride (b) and phosphate (c) on partial nitrification by free and 
immobilized biomass 
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Microbial population composition 
In order to get more insight in the microbial community, we determined the diversity 
of amoA genes in both free and immobilized biomass (Fig. 3). DNA was extracted 
and amplified with amoA gene specific primers. Five clones of the immobilized and 
5 clones of the free cells were analyzed and phylogenetic analysis revealed that all 
the amoA sequences obtained belonged to the N. europaea-eutropha-like cluster. All 
the amoA sequences were 98-99% similar to environmental sequences previously 
recovered from animal wastewater treatment plant (Otawa et al., 2006), leachate 
treatment sites (Zhu et al., 2007) and an anammox reactor (Quan et al., 2008). 
Interestingly, all the three wastewater systems mentioned above received influent 
containing high amounts of ammonium, organic compounds and salts. 
Physiological characteristics such as the maximum ammonia tolerance and maximum 
salt tolerance have been studied for several AOB strains (Otawa et al., 2006), but it 
remains difficult to predict what kind of AOB will become dominant in certain types 
of wastewater. In previous studies, AOBs belonging to either N. europaea or N. 
ureae-oligotropha-marina cluster were major constituents of AOB community in 
WWTP (Purkhold et al., 2000; Bollmann and Laanbroek, 2001). Furthermore N. 
europaea was shown to be a halotolerant to moderately halophilic ammonia oxidizer. 
Moussa et al. (2006) reported that both N. oligotropha and N. europaea were present 
and active when salt was absent, but that only N. europaea were present and active 
when salt concentrations were above 30 g·L-1. Whang et al. (2009) reported that N. 
europaea-like AOB were the major nitrifying population found in a swine waste 
treating plants. These results are congruent with our findings that the higher salt 
tolerance in this study may be related to the presence of N. europaea-like AOB. 
No differences in the AOB community composition were observed between free and 
immobilized biomass. On the one hand, this indicates that the immobilization process 
was not very harmful to the growth and activity of the N. europaea-like AOB, which 
is consistent with the previously published presence and activity of nitrifying 
biomass in a polyethylene glycol-immobilized system for treating landfill leachate 
(Isaka et al., 2007), and with high nitrification rates in calcium alginate beads that 
were used in a system fed with sludge digester supernatant (Hill and Khan, 2008). On 
the other hand, this result also suggests that the less severe effect of salt on 
immobilized biomass does not result from a difference in community composition. 
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Fig. 5 Phylogenetic tree reflecting the relationships of the amoA gene and other reference organisms. 
The phylogenetic tree was constructed using Neighbour-Joining with Jukes-Cantor model. The scale bar 
indicates 5% estimated sequence divergence. 
 
Conclusions 
Compared to free AOB, the immobilized biomass was less sensitive to salt stress. 
Immobilization could thus be an excellent method for protecting biomass when 
short-term salt stress is expected. Completely inhibition of nitrification inhibitions 
was observed when the concentration of sulfate, chloride and phosphate were 500, 
1000 and 700 mM for the immobilized AOB biomass, respectively, while for the free 
 amoA leachate treatment (AM293442) 
 Clone 011 immobilized biomass (GU226191) 
 Clone 008 immobilized biomass (GQ141714) 
 Clone 005 free biomass (GQ120563) 
 Clone 002 free biomass (GU226189) 
 Clone 012 immobilized biomass (GU226192) 
 Clone 009 immobilized biomass (GQ141715) 
 amoA animal wastewater (AB158745) 
amoA Anammox reactor(DQ304510) 
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 Clone 001 free biomass (GU226188) 
 Clone 004 free biomass (GU226190) 
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 Nitrosomonas eutropha (AY177932) 
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 Nitrosomonas oligotropha (AF272406) 
 Nitrosomonas ureae (AF272403) 
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cells values of 300, 500 and 500 mM were observed. The high salt tolerance could be 
due to the presence of Nitrosomonas europaea/eutropha-like AOB. 
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Abstract 
In oxygen-limited marine ecosystems cooperation between marine nitrifiers and 
anaerobic ammonium-oxidizing (anammox) bacteria is of importance to 
nitrogen cycling. Strong evidence for cooperation between anammox bacteria 
and nitrifiers has been provided by environmental studies but little is known 
about the development of such communities, the effects of environmental 
parameters and the physiological traits of their constituents. In this study, a 
marine laboratory model system was developed. Cooperation between marine 
nitrifiers and anammox bacteria was induced by incremental exposure of a 
marine anammox community dominated by “Ca. Scalindua profunda” species 
to oxygen in a bioreactor set-up under high ammonium (40 mM influent) 
conditions. Changes in the activities of the relevant functional groups (anammox 
bacteria, aerobic ammonia oxidizers and nitrite oxidizers) were monitored by 
batch tests. Changes in community composition were followed by Fluorescence 
in situ Hybridization (FISH) and by amplification and sequencing of 16S rRNA 
and amoA genes. A co-culture of “Ca. Scalindua profunda”, an aerobic 
ammonia-oxidizing Nitrosomonas-like species, and an aerobic (most likely 
Nitrospira sp.) nitrite oxidizer was obtained. Aerobic ammonia oxidizers became 
active immediately upon exposure to oxygen and their numbers increased 60-
fold. Crenarchaea closely related to the ammonia-oxidizer Nitrosopumilus 
maritimus were detected in very low numbers and their contribution to 
nitrification was assumed negligible. Activity of anammox bacteria was not 
inhibited by the increased oxygen availability. The developed marine model 
system proved an effective tool to study the interactions between marine 
anammox bacteria and nitrifiers and their responses to changes in 
environmentally relevant conditions. 
Introduction 
Nitrogen is present in many crucial building blocks of life (e.g. amino acids, 
nucleotides) and plays a central role in reduction – oxidation reactions in the marine 
environment (Brandes et al., 2007). Ammonium, the dominant biologically available 
form of nitrogen, is one of the key nutrients in marine waters.  
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The process of anaerobic ammonium oxidation (anammox), initially discovered in 
freshwater wastewater treatment plants (Mulder et al., 1995), has been shown to play 
a crucial role in ammonium conversion in marine ecosystems (Arrigo et al., 2005). 
Anammox contributes significantly to the loss of fixed nitrogen in marine sediments 
(Thamdrup and Dalsgaard, 2002) as well as in the water column of oxygen minimum 
zones (OMZs) (Hamersley et al., 2007; Kuypers et al., 2005). Anammox bacteria 
have been detected, based on 16S rRNA gene sequence analyses, in various marine 
OMZs, such as those in Namibia (Woebken et al., 2007), Peru (Lam et al., 2009), 
Chile (Galán et al., 2009) and the Arabian Sea (Wobken et al., 2008). Marine species 
of anammox bacteria are widespread but exhibit low diversity (Schmid et al., 2007; 
Wobken et al., 2008); and so far fall within the “Ca. Scalindua” clade. In marine 
OMZs the low oxygen conditions may accommodate the strictly anaerobic anammox 
process as well as micro-aerobic nitrification (Lam et al., 2007; 2009; Molina and 
Farias, 2009). Nitrifying microorganisms use oxygen to convert ammonia to nitrite 
(aerobic ammonia-oxidizing bacteria or archaea; AOB or AOA) and subsequently to 
nitrate (aerobic nitrite-oxidizing bacteria; NOB). Despite their dependency on 
oxygen, nitrifiers have been found present in marine ecosystems under extremely low 
oxygen conditions. For instance, Molina and Farías (Molina and Farias, 2009) found 
indications for the presence of aerobic ammonia oxidizers within the suboxic core of 
OMZ off northern Chile. In addition, aerobic ammonia oxidizers have been found in 
the Peruvian OMZ and Black Sea (Lam et al.; 2007; 2009). Whether the 
microorganisms responsible for aerobic ammonium oxidation within the marine 
ecosystem are predominantly bacteria (AOB) or archaea (AOA) remains to be 
established, because both organism groups  are often found to inhabit the same 
ecosystems (Bayer et al., 2008; Lam et al., 2007; Rusch et al., 2009). It has been 
suggested that AOA might play a more important role than their bacterial 
counterparts in marine nitrification (Wuchter et al., 2006; Könneke et al., 2005; 
Mincer et al., 2007; Woebken et al., 2007). 
In situ environmental studies have demonstrated that anammox bacteria and aerobic 
ammonia-oxidizing bacteria or archaea coexist in marine OMZs (Lam et al., 2007; 
2009), even though these two physiological groups compete for ammonium as a 
substrate (Schmit et al., 2002). Under oxygen-limited conditions the aerobic 
ammonia oxidizers are able to provide nitrite to the anammox bacteria. Lam et al. 
(2009) estimated that about 33% of the nitrite supply for the anammox reaction in the 
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Peruvian OMZ was obtained from aerobic ammonia oxidation. This interaction 
between marine anammox bacteria and nitrifiers is analogous to a process known 
from many freshwater wastewater treatment studies (Rotthauwe et al., 1997; Kuai 
and Verstraete, 1998; Purkhold et al., 2000; 2002; Sliekers et al., 2002; 2003; 2004; 
Gong et al., 2008;) called Completely Autotrophic Nitrogen-removal Over Nitrite 
(CANON). 
In freshwater wastewater treatment bioreactor studies, manipulation of substrate and 
oxygen levels ensuring oxygen-limitation results in a CANON process. In this 
process aerobic ammonia oxidizers convert ammonia partially to nitrite, and 
anammox bacteria subsequently use that nitrite to convert the remaining ammonium 
to dinitrogen gas. Because aerobic nitrite-oxidizing bacteria (NOB) proliferate if 
oxygen is not completely depleted by ammonia oxidizer activity, often NOB also 
becomes active in such systems. The result is a community dominated by three 
physiological groups; anammox bacteria, AOB and NOB (Third et al., 2001). Careful 
exposure of an anammox bacteria-dominated community to oxygen may induce the 
development of such a tripartite community because oxygen stimulates the growth 
and activity of indigenous nitrifiers (Strous et al., 1997). 
Although in situ studies have provided strong indications for interactions between 
anammox bacteria and nitrifiers in marine ecosystems, relatively little is known 
about the effect of environmental parameters such as oxygen on the development of 
such marine communities. Furthermore, detailed physiological characterization of 
marine CANON community members (e.g. determination of affinity constants for 
substrates, optima for environmental parameters such as temperature and pH) is 
hindered by the low cell numbers in the environment. To enable such 
characterizations we set out to develop a marine model system. We subjected a 
marine “Ca. Scalindua profunda”-dominated biomass, previously enriched from the 
sediment of a Swedish fjord (van de Vossenberg et al., 2008), to incremental oxygen 
concentrations in a sea salt medium in a 2L bioreactor under defined and controlled 
conditions, which resulted in stimulation of indigenous aerobic nitrifiers. A coculture 
of the relevant functional groups of anaerobic ammonium oxidizers (anammox 
bacteria), aerobic ammonia oxidizers (bacteria and archaea; AOB and AOA) and 
aerobic nitrite oxidizers (NOB) was obtained. A detailed exploration of the changes 
in the activity of the community as a whole in response to the increased oxygen 
Chapter 3  
 
31 
availability was performed, by evaluation of the reactor concentrations of ammonium 
and nitrite. Furthermore, changes in potential activity for each individual functional 
group were determined by offline batch incubations and respiratory measurements. 
In addition, changes in community composition were monitored by Fluorescence in 
situ Hybridization (FISH) and (16S rRNA- and amoA-based) PCR amplifications 
and resultant clone libraries.  
Materials and methods 
Bioreactor setup 
The bioreactor set-up consisted of a glass and stainless steel, 2 L working volume, 
Applikon bioreactor (Applikon Biotechnology BV, Schiedam, The Netherlands), 
equipped with pH and dissolved oxygen (DO) sensors (Applikon Dependable 
Instruments BV Applisens, Schiedam, The Netherlands) and connected to an 
ADI1030 biocontroller (Applikon Biotechnology BV, Schiedam, The Netherlands) to 
monitor the pH and DO. The pH was maintained at 7.3 ± 0.02 with a 1 M NaHCO3 
solution, the temperature was 22 ± 2 °C and the reactor was stirred at 230 rpm. The 
reactor was operated as a Sequencing Batch Reactor (SBR; Strous et al., 1997). Each 
SBR cycle of 24 h consisted of 23 h 15 min of filling, 15 min of settling of biomass 
(no stirring) and 30 min of pumping off liquid (1 L volume) above the settled cells. 
During each filling period, 1 L of Red Sea Salt medium (RSM, van de Vossenberg et 
al., 2008) supplemented with ammonium and nitrite (for concentrations see Table 1) 
was added to the reactor. To maintain anoxic conditions, the bioreactor and medium 
vessel were flushed continuously with Ar/CO2 (95%/5%, v/v; 10 ml∙min
-1
) 
Pilot experiment - verification of the feasibility of oxygen stimulation of the 
indigenous nitrifier population 
To verify the feasibility of stimulating the indigenous nitrifier population by addition 
of oxygen to a “Ca. Scalindua profunda” dominated biomass, a relatively short-term 
(54 days in total) pilot experiment was performed. A 500 ml marine “Ca. Scalindua 
profunda” culture (23°C phylotype;van de Vossenberg et al., 2008) was used as an 
inoculum. The biomass was first acclimatized to its new environment through an 
anaerobic incubation period of 18 d with an influent containing 10 mM nitrite and 10 
mM ammonium. To induce simultaneous growth and activity of anammox bacteria 
and nitrifiers the biomass was subsequently exposed to oxygen by amending the gas 
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flow with 1.5 ml∙min-1 of air. To allow for an increase in ammonium oxidation as a 
consequence of AOB and AOA activity and to ensure oxygen-limited conditions, the 
influent ammonium concentration was increased to 40 mM. Liquid samples were 
withdrawn daily from the reactor to determine ammonium and nitrite concentrations. 
On day 17 (end of acclimatization period) and 54 (end of the experiment), biomass 
was harvested from the bioreactor for respiratory measurements of the aerobic 
ammonia oxidizers and FISH analyses. On day 54 genomic DNA was extracted 
followed by PCR analyses. PCR reactions targeting bacterial or archaeal amoA genes 
and targeting crenarchaeal 16S rRNA genes were performed and the resulting 
products were cloned and sequenced.  
Table 1 Bioreactor operational parameters a 
 Time 
(day) 
Ammonium 
influent  
(mM) 
Nitrite 
influent  
(mM) 
Air flow 
(ml∙min-1) 
Actual 
ammonium 
consumption 
(mmol∙d-1)b   
Expected 
ammonium 
consumption 
A  (mmol∙d-1)c 
Expected 
ammonium 
consumption 
B  (mmol∙d-1)d 
Period A 0-31 10 10 - 9.6 - - 
Period B 32-79 40 10 1 11.4 22.7 10.6 
Period C 80-97 40 10 1.5 12.3 30.3 12.1 
Period D 98-128 40 10 2 14.9 37.9 13.6 
Period E 129-157 40 10 4 17.7 68.2 19.7 
Period F 158-187 40 10 6 20.4 98.5 25.8 
Period G 188-221 40 0 6 12.6 91.0 18.2 
a.Due to the simultaneous production and consumption of nitrite, nitrite consumption could not be 
calculated. 
b.Average values for each period. Ammonium consumption= (ammonium concentration in the influent 
– ammonium concentration in the effluent)  volume of medium fed every day. 
c.Expected ammonium consumption A was calculated on the assumption that all the oxygen supplied to 
the bioreactor was transferred into liquid and consumed only by AOB, then all the nitrite (supplied 
and/or resulted) was consumed only by anammox (based on Eq.3)  
d.Expected ammonium consumption B was calculated based on Eq.3 but oxygen mass transfer 
efficiency estimated in this study was considered. (20% oxygen mass transfer efficiency was used in 
calculation at here) 
Long-term experiment 
Operating procedures for the long term experiment were the same as for the 
preliminary, except the following: Three hundred ml marine “Ca. Scalindua 
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profunda” culture was used as an inoculum. The acclimatization period lasted one 
month (period A, Table 1). The biomass was subsequently exposed to oxygen in 
incremental steps (period B-F, 1 to 6 ml∙min-1 of air, Table 1). Medium without 
nitrite was used during the final incubation period (period G, Table 1). The data from 
the long-term experiment enabled an in-depth evaluation of the changes in activity in 
response to oxygen. The overall ammonium consumption resulting from the total 
microbial community was determined for each period and the likely contribution of 
anammox bacteria and aerobic ammonia oxidizers evaluated. In addition, biomass 
was harvested from each period. Sampling of biomass was performed on days 27 (A), 
57 (B), 95 (C), 114 (D), 153 (E), 186 (F) and 212 (G) as indicated by the arrows in 
Fig. 1. Offline batch incubations and respiratory measurements were performed to 
determine the individual potential activities of the different relevant functional 
groups (anammox bacteria, aerobic ammonia oxidizers and nitrite oxidizers). In 
addition to changes in activity, the community composition was followed by PCR 
amplifications targeting the different functional groups and by FISH analyses with 
specific probes.  PCR reactions targeted bacterial or archaeal amoA genes, 16S 
rRNA genes of Planctomycetes, Nitrobacter spp., Nitrospira spp. and Crenarchaea. 
The resulting products were cloned and sequenced. 
Analytical methods 
The Biuret method was used to determine protein concentrations (Layne, 1957). In 
short, 0.3 ml of biomass was taken directly from the reactor and immediately mixed 
with 0.3 ml 3 M NaOH.  The resulting mixture was boiled at 100°C for 10 min. After 
cooling to room temperature, 0.3 ml 5% (w/v) copper sulfate was added. The mixture 
was then centrifuged for 5 min at 10,000 g and the extinction of the resulting 
supernatant was measured at 540 nm. Bovine serum albumin dilutions (Sigma, U.S.A) 
were used as standards. To monitor ammonium and nitrite concentrations, biomass 
samples were centrifuged (5 min, 10,000 × g) and the resulting supernatants were 
frozen at -20°C until analyses. Nitrite was measured colorimetrically at 540 nm after 
a 20 min reaction of 50 µl of supernatant with 0.5 ml 1% (w/v) sulfanilic acid in 1M 
HCl and 0.5 ml 0.1% (w/v) N-naphthylethylenediamine in a disposable cuvette 
(adapted from Griess-Romijn van Eck,1996). Ammonium was measured 
colorimetrically at 420 nm after a 20 min reaction of 50 µl supernatant with 800 µl 
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0.54% ortho-phthalaldehyde, 0.05% β mercaptoethanol and 10% ethanol in 300 mM 
potassium phosphate buffer with a pH of 7.3 (adapted from Taylor et al., 1974). 
Calculation of the oxygen mass transfer efficiency 
The availability of oxygen to the microbial community in a bioreactor system is 
highly dependent on the oxygen mass transfer efficiency of the bioreactor set-up used. 
Therefore, this value was determined for our particular bioreactor. Two 250 ml gas 
washing bottles with 50 ml RSM lacking ammonium and nitrite were connected in 
the gas flow before the gas mixture entered the reactor and after the gas had passed 
through the reactor. After incubation overnight, the DO level (percentage of air 
saturation) in the medium was determined using highly sensitive oxygen micro-
electrodes (Unisense, Aarhus, Denmark). Oxygen mass transfer efficiency was 
calculated according to Eqn.1. 
Efficiency (%) = 100)1( 
i
e
DO
DO
              Eqn.1 
DOi and DOe represent the dissolved oxygen concentration in the medium before 
and after passage through the reactor respectively. 
Evaluation of changes in activity in response to oxygen  
The data collected in the long-term experiment were used to assess in detail the 
changes in activity in response to oxygen. The total ammonium consumption was 
calculated from the reactor influent and effluent ammonium concentration for each 
oxygen regime (period B-G), to evaluate the ammonium consumption of the 
microbial community as a whole. To gain insight into the contribution of anammox 
bacteria and aerobic ammonia oxidizers to the total ammonium consumption, the 
reactor consumption was compared to the consumption expected of an ideal CANON 
community (activity of anammox bacteria and aerobic ammonia oxidizers only). 
According to the stoichiometry of the anammox reaction 1 mM ammonium is 
consumed at the expense of 1.32 mM nitrite (Strous et al., 1998) and aerobic 
ammonia oxidizers convert 1 mM ammonia to 1 mM nitrite at the expense of 1.5 mM 
oxygen. The combined activity of anammox bacteria and aerobic ammonia oxidizers 
leads to 1 mM ammonium consumption at the expense of 0.85 mM oxygen (ratio of 
NH4
+/O2 = 1.16)  as specified in Eqn. 2 (Third et al., 2001). To calculate the expected 
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ammonium consumption based on an ideal CANON community, the following two 
values of ammonium consumption had to be added: 1) ammonium consumption by 
stoichiometrical conversion of the influent nitrite by anammox bacteria; 2) 
ammonium consumption caused by the combined activity of anammox bacteria and 
aerobic ammonia oxidizers. To calculate the latter, the oxygen transferred to the 
liquid phase was calculated from the airflow per day (compensated for the oxygen 
mass transfer efficiency) and Eqn. 2 was used to calculate the resultant ammonium 
consumption.  
1 NH4
++ 0.85 O2 → 0.435 N2 + 0.13 NO3
- + 1.3 H2O + 1.4 H
+            (Eqn. 2) 
The potential activity of each individual relevant functional group (anammox 
bacteria, AOB and NOB) was determined by measuring ammonium and nitrite 
conversion rates in offline batch incubations. To quantify activity of anammox 
bacteria, 10 ml of biomass was transferred directly to a 30 ml serum bottle which was 
then capped with a butyl rubber stopper and aluminum crimp seal. To provide anoxic 
conditions, the bottles were flushed 20 times, by alternatingly applying vacuum and 
supplying Ar/CO2 (95%/5%). Nitrite (3 mM final concentration) was added from a 
sterile 100 mM anoxic stock solution and the pH was adjusted to 7.4 by addition of 
sodium bicarbonate from a sterile anoxic stock solution. Ammonium was added from 
a sterile 100 mM anoxic stock to a final concentration of 3 mM only for the biomass 
from period A, because in all other periods sufficient ammonium was present in the 
bioreactor (see Fig. 1, Table 1). To quantify aerobic ammonia oxidizer activity 10 ml 
of biomass was transferred directly to a 50 ml Erlenmeyer flask under atmospheric 
oxygen conditions. For aerobic nitrite oxidizer activity, biomass was first washed 3 
times to remove all ammonium. Washing consisted of centrifugation for 1 min at 
3,000 × g (centrifuging at 10,000 × g resulted in loss of activity), followed by 
removal of supernatant and suspension in RSM medium lacking ammonium and 
nitrite. Less than 20 µM ammonium remained after this treatment. Next, the biomass 
was suspended in 10 ml RSM medium containing 2.5 mM nitrite in a 50 ml 
Erlenmeyer flask. All incubations were performed in the dark at room temperature 
(20-22 °C) and shaken continuously at 150 rpm. Liquid samples (0.5 ml) were taken 
every 30 min for ammonium and/or nitrite analyses. The oxygen respiration rates of 
aerobic ammonia and nitrite oxidizers were determined using biomass harvested 
from 1 ml of reactor material by centrifugation (1 min, 3,000 × g). The biomass was 
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washed 3 times with RSM medium lacking ammonium and nitrite to remove residual 
substrates and products. The biomass was then suspended in 1 ml of preheated (25°C) 
and air-saturated RSM medium and transferred into a special air-tight 1 ml volume 
stirred reaction vessel in a 25°C water bath. An excess (0.5 mM) of ammonium (for 
aerobic ammonia oxidizer activity) or nitrite (aerobic nitrite oxidizer activity) was 
supplied in a single addition to the reaction vial. The oxygen consumption was 
monitored using highly sensitive oxygen micro-electrodes (Unisense, Aarhus, 
Denmark). 
Genomic DNA extraction  
High molecular weight DNA was extracted from 2 ml reactor biomass (harvested by 
centrifugation for 5 min, 10,000 × g) using a CTAB (cetyltrimethylammonium 
bromide) extraction buffer- and a SDS-lysis-based method adapted from the protocol 
published by Zhou et al. (1996). Biomass was incubated (30 min, 37 °C) in 675 µl of 
1% CTAB extraction buffer (1g/100 ml CTAB, 100 mM Tris/HCl pH 8, 100 mM 
EDTA pH 8, 100 mM sodium phosphate buffer pH 8 and 1.5 M NaCl), after addition 
of 50 µl lysozym (10 mg∙ml-1; 66,200 U·mg-1). Subsequently, 30 µl of 18.9 mg∙ml-1 
proteinase K and 10 µl of 10 mg∙ml-1 RNase A were added, followed by incubation 
for 30 min at 37 °C. Then, 150 µl 10% SDS was added and the mixture was 
incubated for 2 h at 65 °C. The DNA was separated from cell debris by addition of 
600 µl phenol/chloroform/isoamylalcohol (25:24:1) and 20 min of incubation at 
65 °C, followed by centrifugation for 10 min at 10,000 × g. The resulting DNA 
fraction was mixed with 1 volume of chloroform/isoamylalcohol and centrifuged (10 
min, 10,000 × g) to remove residual phenol. The DNA was precipitated by addition 
of 0.6 volume of isopropanol, incubation at room temperature for 1 h and subsequent 
centrifugation for 15 min at 10,000 × g. The DNA was then washed with 0.5 ml of 
ice cold 70% ethanol and air dried at room temperature for about 10 min. Finally, the 
DNA was suspended in 50 µl of ultrapure water (MilliQ, Millipore SA, Moisheim, 
France) and stored at 4 °C.  
PCR and sequencing analyses 
PCR reactions were performed in a T gradient PCR apparatus (Whatman Biometra, 
Göttingen, Germany) using GoTaq® Green Master Mix (Promega Benelux BV, 
Leiden, the Netherlands) according to the manufacturer’s instructions. Specifications 
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of all the primers used are listed in Table 2. To detect AOB the bacterial amoA gene 
(coding for the alpha subunit of the ammonia monoxygenase enzyme) was amplified 
using primers AmoAF/AmoAR (Rotthauwe et al., 1997) resulting in 490 bp products. 
To detect NOB, specific primer combination Nitro1198F/Nitro1423R (225 bp 
products; Graham et al., 2007) was used to detect Nitrobacter sp. 16S rRNA genes 
and primer combinations 616F/NTSPA 712R (700 bp, this study) and Nspra-675f/ 
Nspra-746r (71 bp; Graham et al., 2007) for Nitrospira spp. To preferentially amplify 
1400 bp of 16S rRNA genes from the anammox bacteria, the primer combination 
Pla46F/630R (Juretschko et al., 1998; Neef et al., 1998) was used. For detection of 
AOA, primer combination Cren 183F/Cren 599R (Hallam et al., 2006) was used to 
amplify of partial crenarchaeal 16S rRNA genes (400 bp products) and primers 
CrenAmoAF and CrenamoAR (647 bp products, (Hallam et al., 2006) were used to 
detect archaeal amoA genes. Cloning was performed with the pGEM®-T easy vector 
cloning kit (Promega Benelux BV, Leiden, the Netherlands) according to the 
supplier’s instructions. Plasmid DNA was extracted using the GeneJET™ Plasmid 
Miniprep Kit (Fermentas GMBH, St.Leon-Rot, Germany). Clones were checked for 
inserts of the correct size by restriction analysis of plasmid DNA (EcoR1, Fermentas 
GMBH, St.Leon-Rot, Germany). Sequencing was performed using primer M13F. 
Clone gene sequences were analysed by BLASTN searches 
(http://www.ncbi.nih.nlm.edu/BLAST). Phylogenetic analyses were performed with 
the MEGA 4 software (Tamura et al., 2007). Bacterial amoA gene sequences, 
representative for sequences sharing ≥ 99% sequence identity, have been deposited in 
GenBank under accession numbers GU075847 and GU075848. Crenarchaeal 16S 
rRNA gene sequences have been deposited in GenBank under accession numbers 
GU139256 to GU139260. 
Fluorescence in situ hybridization (FISH)  
Biomass (1 ml) was fixed for FISH analyses by addition of 4% w/v 
paraformaldehyde, incubating on ice (2 h), centrifuging (15 min; 10,000 × g), 
washing the resulting pellet with phosphate buffered saline (PBS) and finally adding 
PBS and 100% EtOH (1:1) to the original volume, after which the sample was stored 
at -20 °C until analysis. FISH analyses were performed as described by Amann et al. 
(1990). Details of the probes used in this study, are listed in Table 2. Probes were 
purchased as Cy-3, Cy-5 and 5(6)-carboxyfluorescein-N-hydroxysuccinimide ester 
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(FLUOS) labeled derivatives from Thermohybaid (Ulm, Germany). Vectashield 
(Vector Laboratories, Inc., Burlingame, CA) mounting medium with DAPI (4,6-
diamidino-2-phenylindole, 1.5 µg·ml-1) was used to enhance the fluorescent signal 
and stain all DNA. Image acquisitions were performed with a Zeiss Axioplan II 
epifluorescence microscope (Zeiss, Jena, Germany) together with the standard 
software package delivered with the instrument (version 3.1). The increase in cell 
numbers of Nitrosomonas spp bacterial ammonia oxidizers was quantified by 
counting of DAPI-stained cells hybridized with probe NEU653 (specific for 
halotolerant Nitrosomonas spp. (Wagner et al., 1995). For each period (A-G) cells 
were counted in 3 random FISH hybridization pictures. The number of anammox 
bacterial cells could not be determined due to the large flocs in which these 
organisms resided. To assess anammox biomass visual estimates were made instead.  
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Table 2 Primers used for PCR amplification, sequencing and oligonucleotide probes for FISH 
Primers for PCR amplification and sequencing 
Primer Application Sequence (5’-3’) Specifictity Position* Reference 
Pla46F PCR GAC TTG CAT GCC TAA TCC Planctomycetes 46 Neef et al. (1998) 
630R PCR CAK AAA GGA GGT GAT CC Bacteria 1529 Juretschko et al. (1998) 
AmoAF PCR GGGGTTTCTACTGGTGGT amoA Bacteria - Molina et al. (2007) 
AmoAR PCR CCCCTCKGSAAAGCCTTCTTC amoA Bacteria - Molina et al. (2007) 
Cren 183F PCR CCTGGAATCGTTTRTGTTC 16S Crenarchaea 183 Könneke et al. (2005) 
Cren 599R PCR GCGTAYAGATTTAACCG 16S Crenarchaea 599 Könneke et al. (2005) 
M13F sequencing GTAAAACGACGGCCAG pGEMT easy vector Region flanking  
cloning site 
 
Oligonucleotide probes for FISH 
Probe Labeling dye Target Formamide (%) Target organism Reference 
Amx 820 Cy3 AAAACCCCTCTACTTAGTGCC 30 Anammox bacteria Schmid et al. (2001) 
NEU 653 Cy5 CCCCTCTGCTGCACTCTA 30 Most halophilic/tolerant 
Nitrosomonas spp. 
Wagner et al. (1995) 
Competitor for 
NEU 653 
- TTCCATCCCCCTCTGCCG 30 - Wagner et al. (1995) 
NTSPA 712 Cy3 CGCCTTCGCCACCGGCCTTCC 30 most members of the phylum 
Nitrospirae 
Daims et al. (2001) 
Competitor for 
NTSPA 712 
- CGCCTTCGCCACCGGTGTTCC 30 - Daims et al. (2001) 
NIT 1035 Cy3 CCT GTG CTC CAT GCT CCG 30 Nitrobacter spp. Wagner et al. (1996) 
Competitor for 
NIT 1035 
- CCT GTG CTC CAG GCT CCG 30 - Wagner et al. (1996) 
EUB 338 FITC GCTGCCTCCCGTAGGAGT 30 Bacteria Daims et al. (1999) 
EUB 338 II FITC GCAGCCACCCGTAGGTGT 30 Planctomycetales Daims et al. (1999) 
EUB 338 III FITC GCTGCCACCCGTAGGTGT 30 Verrucomicobiales Daims et al. (1999) 
ARCH 0915 Cy3 GTG CTC CCC CGC CAA TTC CT 55 Archaea Stahl et al. (1991) 
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Results 
The high influent ammonium concentration adopted during oxygen exposure proved 
successful in ensuring oxygen-limited conditions. The residual DO in the reactor 
remained zero throughout both experiments. Determination of the oxygen mass 
transfer efficiency of the reactor revealed that 20 ± 2% of the oxygen supplied via the 
air flow entered the liquid phase.  
Pilot experiment - verification of the feasibility of oxygen stimulation of the 
indigenous nitrifier population 
 The results of the pilot experiment confirmed that stimulation of the indigenous 
nitrifier population by addition of oxygen to a “Ca. Scalindua profunda”-dominated 
community is feasible. Within the anaerobic acclimatization period (18 d) all nitrite 
supplied (10 mmoles) was consumed at the expense of ammonium (8 mmoles). After 
36 days (end of the experiment) of amending air (1.5 ml∙min-1) to the Ar/CO2 
gasflow a total ammonium consumption of 16 mmoles per day was observed. 
Ammonium-dependent oxygen respiration rates increased from 4 nmol O2·mg 
protein-1·min-1 in the anaerobic period to 21 nmol O2∙mg protein
-1∙min-1 at the end of 
the oxygen exposure period, indicating a 5-fold increase in ammonia-oxidizing 
capacity. The FISH analyses (data not shown) showed an increase of Nitrosomonas-
like microorganisms, suspected to be responsible for aerobic ammonia oxidation, to 
10 ± 2% of the total population. Nitrobacter- or Nitrospira- like (nitrite oxidizers) 
and crenarchaeal (ammonia oxidizers) microorganisms remained below detection 
limit (≤ 1% of the total population). Crenarchaeal 16S rRNA and amoA genes could 
not be amplified. Bacterial amoA gene sequences were successfully obtained (8 
clones; sharing 99% sequence identity, cluster 1 in Fig. 2).  
Long-term experiment 
The data from the long term experiment allowed for an in-depth evaluation of 
changes in activity as well as in community composition in response to the 
introduction of oxygen. 
Changes in overall ammonium consumption and individual functional group 
activities in response to oxygen 
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The reactor influent and effluent concentrations of ammonium and nitrite for each 
period are shown in Table 1 and Fig. 1. Table 1 also shows the reactor ammonium 
consumption for each oxygen regime (period B-G) and the corresponding values for 
the expected ammonium consumption assuming an ideal CANON community 
(activity anammox and aerobic ammonium oxidizers only). Table 3 shows the 
potential activity values for the individual processes of anammox, aerobic 
ammonium oxidation and nitrite oxidation determined by offline batch incubations 
and the ammonium- and nitrite-dependent oxygen respiration rates. 
 
Fig.1 Concentrations of ammonium (□) and nitrite (■) in the effluent of the bioreactor during the entire 
operational period. The arrows indicate when biomass was harvested for genomic DNA isolation, 
fixation for FISH and activity analyses. 
 
Within the anaerobic acclimatization period (A), almost all influent ammonium and 
nitrite was consumed resulting in residual (effluent) concentrations of respectively 
100 µM and 10 µM. The potential anammox activity slightly increased in 
comparison to the inoculum (from 15 to 17 nmol NH4
+∙mg prot-1∙min-1). Aerobic 
ammonia or nitrite oxidation was not detected in the offline batch incubations nor 
could any ammonium- or nitrite-dependent oxygen consumption be observed in the 
respiratory measurements. These results are in good agreement with the expectation 
that only anammox bacteria could proliferate under the adopted anaerobic conditions. 
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Directly after the first introduction of oxygen, a transient accumulation of nitrite was 
observed (period B, Fig. 1). The residual nitrite concentration increased within a day 
to 400 µM and returned to 20 µM within 7 days. During the oxygen exposure periods 
(period B-F), the reactor ammonium consumption nearly doubled from 11.4 to 20.4 
mmoles∙d-1. Residual nitrite concentrations increased slightly throughout period B-F 
(from 43 µM in period B to 104 µM in period F). The reactor ammonium 
consumption observed within period B-D approximated the expected ammonium 
consumption (Table 1). In period E, however, the ammonium consumption dropped 
below the expected value for an ideal CANON community suggesting that in 
addition to aerobic ammonia oxidizers other oxygen-consuming processes occurred. 
The offline potential activity analyses provided clues on the likely causative 
processes underlying these observations. The potential anammox activity was similar 
to previously reported values for a “Ca. Scalindua profunda”-dominated biomass 
(van de Vossenberg et al., 2008) and increased from 20.8 to 22.5 nmol N∙mg protein-
1∙min-1 during the oxygen exposure period. Aerobic ammonia oxidizer activity was 
observed in the offline batch analyses directly after the first introduction of air. In 
accordance with the near-doubling of the total reactor ammonium consumption, the 
potential aerobic ammonia oxidizer activity increased from 12.7 to 22.5 nmol N∙mg 
protein-1∙min-1 from period B to F. The ammonium-dependent oxygen consumption 
followed the same trend (increase 16 - 25.6 nmol O2∙mg protein
-1∙min-1 from B - F). 
The activity of aerobic nitrite oxidizers was observed from period D onwards. The 
potential activity increased over tenfold from 0.07 nmol N∙mg protein-1∙min-1 (D) to 
0.97 nmol N∙mg protein-1∙min-1 (F). In contrast, an only twofold increase in nitrite-
dependent oxygen consumption (0.74 – 1.45 nmol O2∙mg protein
-1∙min-1) was 
observed. This apparent discrepancy may be explained by the higher nitrite 
concentration used in the batch incubations (2.5 mM) than in the respiratory 
measurements (0.5 mM). When the nitrite-oxidizers first become active in period D, 
the cells will be less active in the batches than the respiratory measurements 
presumably due to nitrite toxicity. In period F the nitrite oxidizers may have adapted 
to higher nitrite conditions. The increase in aerobic nitrite oxidizer activity from 
period D onwards is a likely cause for the deviation of the reactor ammonium 
consumption from the ideal CANON community scenario observed in period E and 
onwards. 
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Table 3 Activity of Anammox bacteria, aerobic ammonium oxidizers (AOB) and aerobic nitrite 
oxidizers (NOB) a 
No. Anammox AOB NOB 
Ammonium 
consumption b 
Nitrite 
consumption b  
Ammonium 
consumption b  
Oxygen 
consumption c  
Nitrite 
consumptionb  
Oxygen 
consumption c  
Scalindua 
large 
14.6 20.4 0 0 0 0 
Period A 17.4 17.8 0 0 0 0 
Period B 20.8 24.4 12.7 16.0 0 0 
Period C 21.5 21.8 11.5 11.6 0 0 
Period D 22.1 24.7 14.4 18.7 0.07 0.74 
Period E 21.9 22.1 23.3 22.3 0.13 1.09 
Period F 22.5 25.8 24.0 25.6 0.97 1.45 
Period G 5.8 6.2 23.6 22.0 0.11 0.52 
a Ammonium and nitrite consumption values were derived from the batch activity tests, the oxygen 
consumption was derived from the  respiratory measurements 
b The unit was µmolN.gprot-1.min-1 for ammonium and nitrite consumption. 
c The unit was µmolO2.gprot
-1.min-1 for oxygen consumption. 
After switching to influent without nitrite (period G); the total ammonium 
consumption in the reactor (12.6 mmol∙d-1) dropped to almost half of that in the 
preceding period F (20.4 mmol∙d-1). The ammonium oxidation potential and 
ammonium-dependent oxygen consumption of the aerobic ammonia oxidizers 
remained stable. In contrast, lowered activities of anammox bacteria and aerobic 
nitrite oxidizers were observed. The potential anammox activity dropped from 22.5 
in period F to 5.8 nmol NH4
+mg prot-1∙min-1 in period G. Aerobic nitrite oxidation 
was reduced from 0.97 (F) to 0.11 nmol N∙mg protein-1∙min-1 (G) and 
correspondingly, nitrite-dependent oxygen consumption dropped from 1.45 to 0.52 
nmol O2∙mg protein
-1∙min-1. These observations suggest that the aerobic ammonia 
oxidizers were not able to compensate for omission of nitrite in the influent resulting 
in insufficient substrate concentrations for anammox bacteria and aerobic nitrite 
oxidizers. 
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Changes in community composition in response to oxygen 
Partial (1400 bp) 16S rRNA gene clone sequences of anammox bacteria were 
obtained for all periods (4 clones sequenced for each period), and exhibited 99% 
sequence identity to “Candidatus Scalindua brodae” clone EN 8 (AY254883), which 
is the species from the original biomass, described before as the phylotype from the 
23 °C enrichment (van de Vossenberg et al., 2008). Apparently the oxygen 
stimulation did not result in a shift in species of anammox bacteria. Although 
anammox bacteria are sensitive to oxygen, the cell numbers of anammox bacteria 
(visual estimate probe AMX820 (Schmidt et al., 2001) signal in FISH pictures, see 
Fig. 3) increased around twofold during the oxygen stimulation. This suggests 
growth of anammox bacteria. 
 
Fig.2. Unrooted neighbour-joining phylogenetic tree (Jukes-Cantor model (Schmid et al., 2007)) of 
partial (407 bp) bacterial amoA gene sequences. The scale bar indicates 5% estimated sequence 
divergence. Bootstrap values based on 500 replications are listed as percentages at the branching points. 
For cloned amoA genes with > 99% sequence identity (Cluster 1 and 2) a single representative GenBank 
accession number is given together with the number of clones. * WWTP = wastewater treatment plant 
 
Neither AOA (probe ARCH915;Stahl and Amann, 1991) nor AOB (probe 
NEU653;Wagner et al., 1995) were detected by FISH analyses (detection limit ≤ 1% 
of the microbial population) in the original biomass and in biomass from period A 
(the anaerobic operation period) as shown in Fig. 3. The introduction of oxygen 
resulted in a 60-fold increase in cell numbers of the Nitrosomonas-like AOB, from 
2106 ml-1 (± 3105, n = 3) in period B to 1.2∙108 (± 1107, n = 3) in period F. Visual 
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estimates based on FISH pictures suggested the total microbial community had 
meanwhile doubled and that the Nitrosomonas-like microorganisms made up around 
30% of the total community (Fig. 3). In accordance with a previous study of Nielsen 
et al. (2005) the AOB appeared more abundant in smaller flocs and the anammox 
bacteria appeared to reside in larger flocs (data not shown). Aerobic ammonia 
oxidizers were detected by PCR in all periods, including, in contrast to the activity 
measurements and FISH analyses, the original biomass and period A. At least 3 
bacterial amoA gene clone sequences were obtained for each period. All these 
sequences were quite different from the amoA gene sequences from cultured β-
proteobacterial ammonia oxidizers. They shared less than 75% nucleotide sequence 
identity (88% protein sequence identity) with the amoA gene from Nitrosomonas 
eutropha (CP000450). As shown in Fig. 2, the amoA gene sequences formed two 
distinct clusters within the Nitrosomonas genus. Cluster 1 sequences (representative 
clone sequence GU075847) shared ≥ 99% nucleotide sequence identity and were 
obtained in all periods. Cluster 2 sequences (representative clone sequence 
GU075848) also shared ≥ 99% nucleotide sequence identity but were only obtained 
for the original biomass (1 out of 3 clones) and period A (2 out of 4 clones). The two 
clusters shared only 95% nucleotide sequence identity (93% protein sequence 
identity). The sequences from cluster 1 exhibited high nucleotide sequence identity 
(99%) to an environmental amoA gene sequence retrieved from a German waste 
water treatment plant (AF272493, 98% protein sequence identity; Purkhold et al., 
2000) as well as to an amoA gene sequence from contaminated groundwater in New 
Mexico (AF196802, 99% protein sequence identity; Ivanova et al., 2000), and 
exhibited 95% nucleotide sequence identity (96% protein sequence identity) to an 
amoA gene sequence from Japanese marine sediment (AB261460;Nakano et al., 
2008). The cluster 2 sequences shared the highest nucleotide sequence identity (95%) 
with the amoA gene sequence from Japanese marine sediment (96% protein 
sequence identity). Crenarchaeal amoA gene products were not obtained. However, 5 
crenarchaeal 16S rRNA sequences with 98% similarity to the recently described 
AOA ‘Nitrosopumilus maritimus’ (Könneke et al., 2005) were detected in period B, 
suggesting that crenarchaea capable of ammonia oxidation could have been present 
under that oxygen regime. Archaea (detection limit ≤ 1% of the microbial population) 
could not be detected by FISH in any of the samples tested. Identification of aerobic 
nitrite oxidizers proved cumbersome; specific Nitrospira or Nitrobacter spp. 16S 
rRNA PCR products were not obtained. FISH analyses did suggest the presence of 
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small numbers of Nitrospira-like NOB in period F (a few cells hybridizing with 
probe NTSPA712 (Daims et al., 2001) were observed per microscopic field) (Fig. 4). 
Nitrobacter spp. were not detected with FISH (specific probe NIT1035; Wagner et 
al., 1995). The detection of Nitrospira spp. in period F is in good agreement with the 
potential activity results, which showed that in this period, the maximum (0.97 nmol 
NO2
-
·mg protein
-1
·min
-1
) NOB activity was reached. Despite the lack of nitrite in the 
influent in period G and the concomitant reduction in potential activity of anammox 
bacteria and nitrite oxidizers, the abundance of AOB, NOB and anammox bacteria 
(determined by FISH) appeared unchanged. In addition to the relevant functional 
groups, cells (mostly filamentous) hybridizing with the general EUB probe mix 
(EUBI, II and III; Daims et al., 1999) only, were observed (1-2 cells per microscopic 
field) in the FISH analyses of all periods. These were probably heterotrophic bacteria, 
surviving in the bioreactor on trace amounts of organic material originating from the 
red sea salt used to prepare the medium, or from decaying and/or leaky biomass. 
Oxygen respiration was not observed in the respiratory measurements prior to the 
addition of ammonium or nitrite, indicating that the contribution of the putative 
heterotrophs to the total oxygen consumption was negligible in comparison to that of 
the aerobic ammonia and nitrite oxidizers.  
Discussion 
This is to our knowledge the first time a marine laboratory-scale co-culture of a 
marine anammox bacterium (“Ca. Scalindua profunda”) and nitrifiers was 
successfully obtained. The set-up allowed for an in-depth evaluation of changes in 
response to increased oxygen availability and proved an excellent tool to study the 
interactions between marine anammox bacteria and nitrifiers and their responses to 
changes in environmentally relevant conditions. 
Integration of activity and molecular data 
The activity and molecular analyses performed were in good agreement and yielded 
complementary results. The species of anammox bacteria did not shift within the 
timeframe of the experiment and their activity was not inhibited by the additional 
oxygen. Remarkably, the potential activity of the anammox bacteria even increased 
(from 15 to 21 nmol NH4
+∙mg protein-1∙min-1) during the oxygen stimulation in 
comparison to the original biomass. Moreover, the cell number of anammox bacteria 
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appeared to increase in the FISH analyses throughout the experiment. The aerobic 
ammonia and nitrite oxidizers were able to effectively protect the anammox bacteria 
from oxygen toxicity under the oxygen-limited conditions adopted in our study. The 
FISH analyses showed that cells of anammox bacteria tended to occupy the inner 
(anoxic) zones of larger aggregates. The observed lack of aerobic ammonia or nitrite 
oxidizer activity in the offline activity batch tests and lack of ammonium- and nitrite-
dependent oxygen consumption within the anaerobic periods of the long-term 
experiment was corroborated by the FISH analysis. The incubations, respiration 
measurements and FISH analyses depend on the presence of active cells. However, 
the PCR analysis, which is only dependent on the presence of sufficient DNA, 
demonstrated the presence of Nitrosomonas sp. AOB within the anaerobic periods. 
Together these results confirm the ability of these organisms to survive prolonged 
periods without oxygen in the presence of sufficient ammonium (Wilhelm et al., 
1998). When oxygen was introduced, growth of aerobic ammonia-oxidizing 
Nitrosomonas sp. (identified by the FISH and PCR analyses) was immediately 
detected as an increase in the total ammonium consumption as well as the aerobic 
ammonia-oxidizing activity and an increase in ammonium-dependent oxygen 
consumption. The total ammonium consumption in the reactor was in agreement with 
that of an ideal CANON community during periods B-D. The determinations of the 
aerobic nitrite oxidation potential and nitrite-dependent oxygen consumption 
suggested that aerobic nitrite oxidizers already became active in period D. These 
offline analyses allowed for detection of aerobic nitrite oxidizers before their 
presence could be deduced from the deviation of the total ammonium consumption 
from the CANON scenario and before detection by FISH and PCR. The oxygen 
conditions in period D apparently represent the demarcation point for stimulation of 
NOB activity above background levels. The identity of the aerobic nitrite oxidizers 
remains to be established. Nitrospina or Nitrococcus sp. were not specifically 
targeted in our approach. The FISH results with probe NTSPA712 (targeting most 
members of the phylum Nitrospirae) suggests presence of a Nitrospira sp. just above 
the detection limit (around 1% of the total community). In contrast, the Nitrospira sp. 
targeting PCR reactions did not yield any specific products, which may indicate 
either that the Nitrospira sp. cell numbers are too low for PCR detection or that a 
new Nitrospira species, not sufficiently amenable to amplification by the primer sets 
employed, is present. 
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Fig 3. Fluorescence image of aerobic and anaerobic ammonia oxidizers of CANON bioreactor during 
oxygen stimulated periods: probe AMX820 targeting anammox bacteria was labeled with Cy3(red) and 
probe NEU653 targeting halophilic Nitrosomonas spp was labeled with Cy5 (blue), a competitor for 
NEU653 was always used (unlabeled), (S) original bioreactor; the source of the inoculum. The different 
oxygen exposure periods are indicated by A-G. 
 
 
Fig 4. Fluorescence image of possible aerobic nitrite oxidizers in the bioreactor in period F: 
NTSPA0712, targeting most members of the phylum Nitrospirae was labeled with Cy3 (red) and 
EUBmix targeting most Bacteria was labeled with FLUOS (green), competitor of NTSPA0712 
(unlabeled) was always used (scale bar: 10 μm). 
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Relevance to natural oxygen-limited ecosytems  
The collected data from our cultivation-based laboratory set-up in a general sense 
corroborates the previous in situ environmental data on interactions between marine 
anammox bacteria and nitrifiers. The nitrifiers we detected, however, do not 
necessarily reflect the natural partners of marine anammox bacteria. A marine growth 
medium (van de Vossenberg et al., 2008), containing high salt and low amounts of 
macro- and micronutrients, was used and the indigenous population of nitrifiers was 
stimulated to ensure that the stimulated nitrifier population would to a certain extent 
reflect the natural partners of marine anammox bacteria. The high influent 
ammonium concentrations used to ensure oxygen limitation, however, selected for 
organisms adapted to high ammonium concentrations. The Nitrosomonas sp. AOB 
were active at 22°C, very low DO (zero based on oxygen sensor) and relatively high 
ammonium concentration (more than 18 mM and up to 38 mM residual ammonium) 
under marine salt concentration conditions. The conditions adopted in the long term 
experiment (high ammonium and increased oxygen input) were found to select for 
one of the two distinct amoA gene clusters detected. Detection of cluster 2 amoA 
gene sequences was restricted to the anaerobic (period A) and low oxygen input 
(period B) conditions, while cluster 1 sequences were detected throughout the entire 
experiment. This suggests that the cluster 2 (sub)species is only able to compete with 
the cluster 1 (sub)species under low oxygen and ammonium conditions. The cluster 1 
(sub)species will probably be of less importance in the natural OMZ ecosystems than 
the cluster 2 (sub)species because residual OMZ ammonium concentrations are in the 
micromolar range (Kuypers et al., 2003; Lam et al., 2007; 2009). In addition to AOB, 
AOA may play a role in nitrification in natural ecosystems. During period B (air flow 
1 ml·min-1), a crenarchaeotal 16S rRNA sequence closely related to the recently 
described AOA Candidatus ‘Nitrosopumilus maritimus’ (Könneke et al., 2005) was 
found. This possible ammonia-oxidizing crenarchaeon completely disappeared when 
the air flow was further increased to 1.5 ml·min-1 (period C), which might indicate a 
high sensitivity to DO level. Archaeal amoA was detected by several research groups 
at sites where DO levels are relative low; Coolen et al. (2007) detected AOA in the 
Black Sea with a DO level of 1µM; Francis et al. (2005) detected AOA in the Eastern 
Tropical North Pacific, one of the largest OMZs in the ocean, at a depth of 200 m 
with DO level less than 3.1 µM. Because the presence of the Crenarchaea in our 
experiment was temporary and they made up a minor fraction of the microbial 
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community (no detection with FISH), it was assumed these contributed little to the 
observed nitrification. In addition to possible oxygen sensitivity, Martens-Habbena et 
al. (2009) reported that Nitrosopumilus maritimus strain SCM1 has a markedly high 
affinity for ammonia (Km = 133 nM total ammonia) which suggests these organisms 
are adapted to thrive under extremely low ammonium conditions. Future studies with 
the developed marine model system adopting more natural residual substrate levels 
will provide insights into the natural nitrifying partners and their physiology. 
Relevance to wastewater treatment 
The findings of this study may also be of relevance for wastewater treatment 
purposes. In previous freshwater studies, activity of anammox bacteria was always 
reversibly inhibited as a result of oxygen addition (Strous et al., 1998; Third et al., 
2001), or lowered (Sliekers et al., 2002). In contrast, a stimulation of activity of 
anammox bacteria was observed in our marine model system. This is most likely a 
consequence of the extremely low and slow introduction of oxygen, which enabled 
the nitrifier population to keep the residual oxygen levels at zero. It remains to be 
resolved whether the marine “Ca. Scalindua profunda” might be more tolerant to 
oxygen exposure than freshwater anammox bacteria. Furthermore, our study shows 
that offline batch incubations are an effective tool to determine the demarcation point 
for aerobic nitrite oxidizer development. The possibility to pinpoint this demarcation 
point may aid in choosing operational procedures that ensure ideal CANON 
conditions and therefore limit formation of nitrate which is costly to remove (van 
Dongen et al., 2001). So far, only freshwater anammox bacteria have been applied in 
wastewater treatment. It was shown before that for treatment of high salinity waste 
water it is not necessary to seed an anammox reactor with salt-water anammox 
bacteria; instead freshwater species may be adapted to high salinity conditions by 
gradually increasing salt concentrations (Kartal et al., 2006). However, the presence 
of a natural high-salt tolerant “Ca. Scalindua profunda” may be beneficial.  
Future studies with marine laboratory model systems may elucidate the changes in 
marine anammox bacteria and nitrifier co-cultures in response to other 
environmentally relevant parameters such as pH and temperature. In addition, further 
studies may also yield the values of crucial parameters such as substrate affinities 
needed to gain insight into the pathways of nitrogen loss in oxygen-limited marine 
ecosystems. 
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Abstract 
In marine oxygen minimum zones (OMZs), ammonium-oxidizing archaea (AOA) 
rather than marine ammonia-oxidizing bacteria (AOB) may provide nitrite to 
anaerobic ammonium-oxidizing (anammox) bacteria. Here we demonstrate the 
cooperation between marine anammox bacteria and nitrifiers in a laboratory-
scale model system under oxygen-limitation. A bioreactor containing “Ca. 
Scalindua profunda” marine anammox bacteria was supplemented with AOA 
(Nitrosopumilus maritimus strain SCM1) cells and limited amounts of oxygen. In 
this way a stable mixed culture of AOA, and anammox bacteria was established 
within 200 days while also a substantial amount of endogenous AOB were 
enriched. “Ca. Scalindua profunda” and putative AOB and AOA morphologies 
were visualized by transmission electron microscopy and a C18 anammox [3]-
ladderane fatty acid was highly abundant in the oxygen limited culture. The 
rapid oxygen consumption by AOA and AOB ensured that anammox activity 
was not affected. High expression of AOA, AOB and anammox genes encoding 
for ammonium transport proteins was observed, likely caused by the increased 
competition for ammonium. The competition between AOA and AOB was 
found to be strongly related to the residual ammonium concentration based on 
amoA gene copy numbers. The abundance of archaeal amoA copy numbers 
increased markedly when the ammonium concentration was below 30 μM 
finally resulting in almost equal abundance of AOA and AOB amoA copy 
numbers. Massive parallel sequencing of mRNA and activity analyses further 
corroborated equal abundance of AOA and AOB. The present study provides 
the first direct evidence for cooperation of archaeal ammonia oxidation with 
anammox bacteria by provision of nitrite and consumption of oxygen. Co-
cultures of AOA and anammox bacteria might be applied in treatment systems 
to effectively remove ammonium even in very low concentration from polluted 
marine waters at ambient temperatures. 
Introduction 
Oxygen minimum zones (OMZs), oxygen deficient layers in oceanic water columns, 
constitute only 0.1% of oceanic volume (Paulmier et al., 2009) but play a crucial role 
(30-50%) in global oceanic nitrogen loss (Lam and Kuypers, 2011). In the 
conventional paradigm of the marine microbial nitrogen cycle, dinitrogen gas is 
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converted to ammonium by nitrogen-fixing microbes, thereby supplying 
phytoplankton with nitrogen for biomass production. Surplus ammonium is oxidized 
by nitrifying microorganisms to nitrite and further to nitrate in the presence of 
oxygen. In the presence of sufficient electron donors, denitrifying microbes can 
reduce the oxidized nitrogen to dinitrogen gas in the absence of oxygen (Arrigo 
2005). For decades, these processes were regarded as the only pathways responsible 
for nitrogen-loss in marine nitrogen cycling. However, the discovery of new 
processes and important players in the nitrogen cycle such as anaerobic ammonium 
oxidizing (anammox) bacteria and archaeal ammonium oxidizers have shown that 
our knowledge still needs to be extended (Jetten, 2008). 
Anammox bacteria, which convert ammonium with nitrite to dinitrogen gas in the 
absence of oxygen, are present in significant numbers in various marine anoxic 
basins (Kuypers et al., 2003) and OMZs (Kuypers et al., 2005; Galán et al., 2009; 
Woebken et al., 2008; Lam et al., 2009; Stewart et al., 2012). The anammox process 
was estimated to contribute substantially (> 50%) to nitrogen loss in marine 
ecosystems (Kuypers et al., 2005; Hamersley et al., 2007). Different biomarkers are 
used to detect and quantify anammox bacteria in these ecosystems. All 16S rRNA 
gene sequences of anammox bacteria found in marine ecosystems affiliate with the 
“Candidatus Scalindua profunda” cluster (van de Vossenberg et al., 2008;2012; 
Schmid et al., 2007; Woebken et al., 2007). In addition to the 16S rRNA, unique 
‘ladderane’ membrane lipids (Sinninghe Damsté et al., 2002c) represent suitable 
biomarkers for the detection of anammox bacteria (Rattray et al., 2008; Jaeschke et 
al., 2007; 2009; 2010, Pitcher et al., 2011, Wakeham et al., 2012). The source of 
nitrite for anammox in OMZs, characterized by very low nitrite and ammonium 
concentrations, has yet not been clearly identified. Recent studies indicate that nitrite 
can be either supplied to anammox bacteria via partial nitrate reduction (66%) or by 
partial nitrification (33%) (Lam et al., 2009). The present study focuses on partial 
nitrification as potential source of nitrite for “Ca. Scalindua profunda” marine 
anammox bacteria.   
The first and rate-limiting step of nitrification, the aerobic oxidation of ammonium to 
nitrite, has for a long time been assumed to be only performed by bacteria 
(ammonium-oxidizing bacteria; AOB) that possess the key enzyme ammonium 
monooxygenase (AMO). This membrane-bound enzyme is composed of three 
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subunits (encoded by the genes amoA, amoB and amoC) and catalyzes the initial 
oxidation of ammonium to hydroxylamine. The first indication for the existence of 
ammonia-oxidizing archaea was derived from a putative ammonium 
monooxygenase-encoding gene cluster associated with an archaeal 16S rRNA gene 
detected by a metagenomic analysis on Sea water (Venter et al. 2004). This 
hypothesis was confirmed by the isolation of Nitrosopumilus maritimus, a marine 
archaeon that oxidized ammonia aerobically to nitrite and contained all three 
subunits of the AMO (Könneke et al., 2005) as well as by the dominance of the 
amoA gene of AOA over that of AOB in the ocean (Wuchter et al., 2006). The amoA 
gene thus serves as a molecular marker to determine the diversity and abundance of 
AOA and AOB (e.g. Lam et al., 2009, Mincer et al., 2007, Francis et al., 2005). AOA 
may also be detected based on crenarchaeol (e.g. Sinnighe Damsté et al., 2002a, 
2002b, Coolen et al., 2007) which is a characteristic glycerol dibiphytanyl glycerol 
tetraether (GDGT) found in the membrane lipids of thaumarchaea or with attached 
polar head groups (Pitcher et al., 2011). Even though AOA and AOB compete for 
ammonium with anammox bacteria they might serve as natural partners for 
anammox bacteria by oxidizing just a part of ammonium to nitrite under oxygen 
limitation. Within the competition for ammonia between aerobic ammonia oxidizers, 
AOA have been shown to have an extremely high affinity (Ks = 133 nM) towards 
ammonium (Martens Habbena et al., 2009), while AOB can survive oxygen 
deprivation for many years (Van de Graaf et al., 1996). However, dedicated 
competition experiments with cultures have not yet been performed. AOA are highly 
abundant in marine ecosystems (Wuchter et al., 2006; Mincer et al., 2007) and 
apparently can co-exist with anammox bacteria in marine OMZs (Lam et al., 2007; 
Woebken et al., 2007; Rusch et al., 2009) and anoxic basins (Coolen et al., 2007; 
Wakeham et al., 2012) where they could provide nitrite to marine anammox bacteria. 
Furthermore, OMZs are characterized by low ammonium conditions (< 0.35 μM, 
Stewart et al., 2012) which may be more suitable for activity of AOA than AOB 
(Martens-Habbena et al., 2009). With their high affinities for ammonium (133 nM, 
Martens-habbena et al., 2009) and oxygen (2-4 µM, Park et al., 2010) AOA seem 
excellently suited to thrive in marine OMZ’s. In contrast, AOB appear to be more 
competitive under conditions of relatively high ammonium, as shown in soil 
mesocosms in which AOB outcompeted AOA at 200 μg ammonium·g-1 soil 
(Verhamme et al., 2011). One aspect greatly hampering the elucidation of whether 
AOA or AOB may contribute more to marine nitrification is that abundance, as 
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determined by quantification of amoA gene copy numbers, does not necessarily 
reflect an actual contribution to nitrification. Recent research (Bernhard et al., 2010, 
Jia and Conrad 2009) found no direct correlation between AOA abundance and 
potential nitrification rates in both marine and estuarine ecosystems. 
As described above AOA, AOB and anammox bacteria may have both mutualistic 
and competing interactions under oxygen limitation, and additional research is 
needed to discern the cooperation and competition amongst these three groups. To 
investigate the potential interactions between aerobic and anaerobic ammonium 
oxidizers similar to those occurring in OMZs, an oxygen-limited marine model 
system was developed (Yan et al., 2010) and was used here to study the interaction 
between the marine bacterium “Ca. Scalindua profunda” anammox (van de 
Vossenberg et al., 2008; 2012) and N. maritimus AOA (Könneke et al., 2005) under 
oxygen limitation. Because Nitrosomonas-like AOB are an indigenous component (≤ 
1 % of the total microbial community based on fluorescence in situ hybridization 
analysis) of “Ca. Scalindua”-dominated anammox enrichment cultures (Yan et al., 
2010), the competition between AOA and AOB in response to ammonium 
concentration could also be assessed. For these purposes a N. maritimus pure culture 
and oxygen were introduced in a 2 L bioreactor containing “Ca. Scalindua profunda” 
marine anammox bacteria under defined and controlled conditions. A mixed culture 
consisting of AOA, AOB and anammox was obtained within 200 days, and 
monitored by activity assays, lipids analysis, amoA qPCR, and transmission electron 
microscopy. In addition, expression levels of relevant genes were determined by 
massive parallel sequencing of mRNA. 
Materials and methods 
Pre-cultivation of Nitrosopumilus maritimus strain SCM1 
Nitrosopumilus maritimus strain SCM1 (Könneke et al., 2005) was cultivated in a 10 
L bottle with 9 L SCM medium (Könneke et al., 2005, 500 µM NH4
+, final 
concentration). The incubation was performed without agitation, in the dark at room 
temperature (22 ± 2 °C). Liquid samples (1 ml) were taken every week to monitor 
ammonium and nitrite concentrations in the medium. After 2 months of cultivation 
almost all the ammonium in the medium was converted to nitrite and the upper 8 L of 
the culture was pumped into another 10 L bottle (back-up culture), and the remaining 
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concentrated cell suspension (1 L) was transferred to the marine anammox SBR 
reactor. To check the purity of the concentrated N. maritimus cell suspension 
genomic DNA was extracted, PCR reactions targeting bacterial and archaeal amoA 
genes were performed and the resulting products were cloned and sequenced (see 
below). No bacterial amoA PCR product was obtained. 
Reactor setup 
The sequencing batch reactor (SBR) setup was similar to the one used in a  previous 
study (Yan et al., 2010), except for the following: each SBR cycle of 24 h consisted 
of 22 h of filling, 1 h of settling biomass (no stirring) and 40 min of pumping off 
liquid from above the settled cells (0.5 L volume). During each filling period, 0.5 L 
of Red Sea Salt medium (RSM) (van de Vossenberg et al., 2008) was supplemented 
with ammonium and nitrite (as shown in Table 1). To maintain anoxic conditions, the 
bioreactor and medium vessel were flushed continuously with Ar/CO2 (95%/5%, v/v; 
20 mL min-1). To monitor ammonium and nitrite concentrations in the reactor, liquid 
samples (1 ml) were withdrawn 3-4 times every week, centrifuged (15 min at 10,000 
×g), and the resultant supernatant stored at -20°C until analyses.  
Table 1 Substrate concentrations in influent and effluent of the bioreactor 
Period 
Time (day) 
Influent (mM)  Effluent (μM) * 
 Ammonium  Nitrite   Ammonium  Nitrite  
Anaerobic precultivation 5-33 10 10  1712 1 
34-58 10 11  1388 2 
59-72 10 12.5  484 1 
Oxygen limited operation with high 
(~300 μM) residual ammonium  
73-85** 10 12.5  0 340 
86-139 10.5 12.5  305 6 
Oxygen limited operation with low  
(~30 μM)residual ammonium 
140-370 11 12.5 
 
35 40 
* The values of ammonium and nitrite concentration were average concentration in the effluent during 
each time period. 
** Period of unstable reactor operation. 
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Operation under anaerobic conditions: pre-cultivation of “Ca. Scalindua 
profunda” marine anammox bacteria  
300 mL “Ca. Scalindua profunda” dominated biomass (van de Vossenberg et al., 
2008; 2012) was transferred into the SBR set-up and incubated anaerobically (73 
days) to ensure anammox activity. The influent ammonium and nitrite concentrations 
were adjusted until the residual ammonium concentration dropped below 500 µM 
(Table 1). 
Mixed culture operation under oxygen-limited conditions 
Operation under high residual ammonium regime 
The pre-cultivation of the marine “Ca. Scalindua profunda” was supplemented on 
day 73 with the 1 L Nitrosopumilus maritimus culture and the gas flow was 
supplemented with 1 ml·min-1 of air. Initial nitrite accumulation indicated that the 
concentration of ammonium in the medium was insufficient to allow for the total 
consumption of supplied and produced nitrite. Therefore, the concentration of 
ammonium in the medium was increased whenever nitrite started to accumulate in 
the bioreactor until nitrite accumulation no longer occurred and a residual 
ammonium concentration of ~400 µM was obtained (see Table 1). The reactor was 
operated under these conditions till day 139. 
Operation under low residual ammonium regime 
To favor the presumed high-ammonium-affinity AOA instead of low-affinity AOB, 
the influent ammonium and nitrite concentrations were adjusted on day 140 of SBR 
operation until a residual ammonium concentration of < 40 µM was obtained (see 
Table 1). 
Analytical methods 
Protein and nitrite concentrations were quantified as described before (Yan et al., 
2010). Ammonium concentrations were determined with the use of ortho-
phtaldialdehyde (OPA) reagent (adapted from Taylor et al., 1974). In short, 100 μl of 
sample was mixed with 2 ml of diluted OPA reagent (tenfold dilution in sodium 
phosphate buffer, 0.3 M pH 7.3) incubated (20 min, room temperature, in the dark) 
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and measured with a fluorescence spectrophotometer (excitation 411 nm, emission 
482 nm, slit size 5 nm, 600V). 
Determinations of potential activities 
Changes in potential activity for each individual functional group (anammox bacteria, 
aerobic ammonium and nitrite oxidizers) were determined by off-line batch 
incubations and respiratory measurements. Biomass from the anaerobic period (day 
69) versus oxygen-limited periods (high and low residual ammonium regime; days 
134 and 250) was used as indicated by the white triangles in Fig. 1. Potential 
activities of anammox bacteria, aerobic ammonium- and nitrite-oxidizers were 
determined as previously described (Yan et al., 2010), except for the following: final 
concentrations of respectively 200 and 500 μM ammonium and nitrite were used to 
test the aerobic ammonium- and nitrite-oxidizing activities in both offline batch 
incubations and oxygen respiration measurements. 
Incubation in the presence of PTIO 
To evaluate the relative contribution of AOA and AOB to nitrification, on day 340 
(oxygen-limited operation under low ammonium regime) the potential aerobic 
ammonium-oxidizing activity was investigated, in the presence of PTIO (2-phenyl-
4,4,5,5-tetramethylimidazoline-3-oxide-1-oxyl; MP biomedical, France) to 
distinguish between bacterial and archaeal activity. Nitrosopumilus maritimus back-
up culture (see pre-cultivation of Nitrosopumilus maritimus, strain SCM1) and 
indigenous Nitrosomonas-like AOB enrichments were used as controls to investigate 
the effect of PTIO, a NO scavenger (Akaike and Maeda 1996, Amano and Nada 
1995, Ellis et al., 2001), on the activity of AOA and AOB. The indigenous 
Nitrosomonas-like AOB was enriched from the reactor of a preliminary experiment 
described previously (Yan et al., 2010) as follows: 4.5 ml co-culture was used as the 
inoculum for an 80 ml incubation. The medium contained Red Sea Salt as previously 
described (Yan et al., 2010). Incubation was performed without agitation, in the dark 
at room temperature (22 ± 2 °C). This incubation was maintained in the lab, and 
every week 40 ml medium was replenished to the enrichments with fresh medium 
contains 250 μM ammonium after settling of the biomass. Inhibition analyses of 
mixed culture nitrifiers were performed in both offline batch incubations without 
agitation (ammonium consumption) and through respiratory measurements (oxygen 
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consumption). To evaluate the relative nitrification contribution of AOA and AOB, 
substrate consumption rates were detected before and after PTIO addition (200 μM).  
DNA extraction, (q)PCR and sequencing analyses 
The aerobic ammonium oxidizer community composition of the bioreactor was 
analyzed through amoA gene endpoint PCR followed by cloning and sequencing. 
The competition between aerobic ammonium-oxidizing bacteria and archaea was 
monitored by qPCR targeting amoA genes. Abundance of anammox bacteria was 
assessed by hydrazine synthase (HZS) gene-based q-PCR. For these purposes high 
molecular weight DNA was extracted from biomass from the anaerobic operation 
(day 63), oxygen-limited operation under the high ammonium regime (days 94, 103, 
114, 135) and the oxygen-limited operation under the low ammonium regime (days 
147, 167, 183, 196, 225 and 340) as indicated by asterisks in Fig. 1. High molecular 
weight DNA was extracted from 2 ml bioreactor biomass according to the protocol 
described in Yan et al., (2010). The isolated total DNA was loaded on an agarose gel 
to check the quality, and analyzed on a NanoDrop ND-1000 spectrophotometer 
(Lifescience, USA) to determine the concentration. For all samples, 2 ml of reactor 
content was used for DNA extraction. The concentration of isolated DNA was 
always 70 ±  10 μg·ml-1. Endpoint PCR, cloning, sequencing and phylogenetic 
analyses were performed as described previously (see Table 2 for primer details). 
Real-time quantitative PCR was performed with an iCycler iQ5 thermocycler 
equipped with a real-time detection system (Bio-Rad, CA, USA). Each PCR mixture 
(25 μl) consisted of 12.5 μl of 2× SYBR Green PCR master mix (Finnzymes, 
Finland), 1 μl of forward and reverse primers (20 pmol/ml) and 1 μl of template 
DNA (2 - 10 ng) per well. PCR amplification and quantification were performed in 
MicroAmp Optical 96-well reaction plates (Bio-Rad, CA, USA). Thermocycling for 
crenarchaeal amoA gene qPCR detection (128 bp product) was performed as follows: 
initial denaturation 95°C for 3 min; amplification for 40 cycles consisting of, 
denaturation at 95°C for 1 min, primer annealing at 58°C for 1 min, extension at 
72°C for 1 min, and followed by a final elongation at 72°C for 5 min. Melting curve 
analysis showed only one peak at Tm= 80°C. For detection of bacterial amoA genes 
(490 bp) thermocycling consisting of: initial denaturation 96°C for 3 min; 
amplification for 40 cycles consisting of, denaturation at 96°C for 1 min, primer 
annealing at 57.5°C for 1 min, extension at 72°C for 1 min, and followed by a final 
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elongation at 72°C for 5 min. Melting curve analysis showed only one peak at Tm= 
81°C. A primer set targeting the hydrazine synthase gene (hzsA) was used to 
quantify anammox bacteria, resulting in a 226 bp product. Thermocycling was 
performed as follows: initial denaturation 95°C for 3 min; amplification for 40 cycles 
consisting of, denaturation at 95°C for 1 min, primer annealing at 55°C for 1 min, 
extension at 72°C for 1 min, followed by a final elongation at 72°C for 5 min. Only 
one peak was detected in the melting curve analysis at Tm= 80°C. No detectable 
peaks that were associated with primer-dimer artifacts or nonspecific PCR 
amplification products were observed. Quantification standard curves were 
constructed from series of 10-fold dilutions of sequenced plasmids (DNA copy 
numbers ranging from 108 to 103 per reaction), with insert of the amoA genes of 
Nitrosopumilus maritimus and Nitrosomonas-like AOB and the hzsA gene of “Ca. 
Scalindua profunda” anammox bacteria, respectively. The amplification efficiencies 
were between 95% and 105%, with R2 value ranging from 0.994 to 0.999. 
Transcriptomics 
The expression of relevant genes was determined in samples from days 48 (anaerobic 
condition) and 232 (the oxygen-limited operation under the low ammonium regime), 
by extraction of total RNA, reverse transcription and sequencing of cDNA by 
Illumina technology (indicated by the reference mark in Fig. 1).  Total RNA isolation 
was performed using the RiboPureTM-Bacteria kit (Ambion, Austin, USA) according 
to the supplier’s instructions (DNase treatment was performed twice). The isolated 
total RNA was loaded on gel to check the quality, and analyzed on a NanoDrop 1000 
spectrophotometer to determine the concentration. Reverse transcription was 
performed using the RevertAidTM First Strand cDNA Synthesis kit (Fermentas 
GMBH, St.Leon-Rot, Germany) with random hexamer primers according to the 
supplier’s instructions. Second strand cDNA synthesis was performed following the 
suppliers instructions. At least 20 ng double-stranded cDNA was sent for Illumina 
sequencing. The 72 nt reads were mapped onto the genomes of Nitrosopumilus 
maritimus SCM1 (NC_010085.1), Nitrosomonas eutropha C91 (NC_008344.1) and 
“Ca. Scalindua profunda” (van de Vossenberg et al., 2012) using the CLC Genomics 
Workbench software and the gene expression of AOA, AOB and anammox bacteria 
were analyzed (Fig. S2, van de Vossenberg et al., 2012). The coverage of each gene 
was calculated by each gene read times 72 (read length) and divided by the length of 
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the gene. To compare the expression under anaerobic and oxygen-limited conditions, 
relative gene coverage was used, which was obtained by dividing the target gene 
coverage with the average coverage of all genes. The gene expression ratio is the 
ratio of relative coverage of each gene under anaerobic condition and oxygen-limited 
condition. 
Lipid extraction and identification 
On day 230 (oxygen-limited operation under the low ammonium regime), 20 ml of 
concentrated biomass was harvested from the reactor by centrifugation (10 min at 
10,000 g, 4°C) and freeze-dried for lipid analyses (indicated by a white star in Fig. 
1).  The freeze-dried mixed culture was extracted using a modified Bligh-Dyer 
method (Bligh and Dyer, 1959).  The sample was ultrasonically extracted for 15 min 
using a volume ratio of 2:1:0.8 (v/v) (methanol (MeOH): dichloromethane (DCM): 
phosphate buffer, pH 7.4). The supernatant was collected and the residue was re-
extracted ultrasonically twice. The solvent ration of the combined supernatants was 
adjusted to 1:1:0.9 (v/v) (MeOH: DCM: phosphate buffer) and centrifuged. The 
bottom DCM layer was collected and the remaining solvent re-extracted twice with 
DCM. The DCM layers were combined and dried to near-dryness under rotary 
evaporator.  
Ladderane lipids analysis was performed by saponification of an aliquot of the Bligh-
Dyer extract by refluxing with aqueous KOH (in 96% MeOH) at 100°C for 1h. Fatty 
acids were obtained by acidifying the solution to pH 3 with 1M HCl in MeOH and 
extracted using DCM. The fatty acids were converted to their corresponding fatty 
acid methyl esters (FAMEs) by methylation with diazomethane (CH2N2). Excess 
CH2N2 was removed by evaporation under N2. Polyunsaturated fatty acids were 
removed by eluting the sample over a small AgNO3 (5%) impregnated silica column 
with DCM. The fatty acid fraction was dissolved in acetone, filtered through a 0.45 
µm, 4 mm diameter PTFE filter and analyzed by HPLC/APCI-MS/MS (high 
performance liquid chromatography coupled to positive ion atmospheric pressure 
chemical ionization tandem mass spectrometry) in SRM (selective reaction 
monitoring) mode as described in Hopmans et al. (2006) and modified in Rattray et 
al. (2008).  
For glycerol dibiphytanyl glycerol tetraethers (GDGT) lipids analysis, the Bligh-
Dyer extract was hydrolysed by refluxing with 2 M HCl/MeOH (1/1, v/v) for 3 h. 
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The pH of the solution was adjusted to pH 5 using 1M KOH (in 96% MeOH). GDGT 
core lipids were extracted 3 times using DCM.  The extract was eluted over Na2SO4 
dried under N2. A known amount of internal standard (C46 GDGT) was added to the 
sample before it was filtered through a 0.45 µm, 4 mm diameter PTFE filter using 
hexane:isopropanol (99:1). GDGTs were analyzed and quantified by HPLC/APCI-
MS in single ion mode (Schouten et al., 2007). 
Transmission electron microscopy 
To visualize different morphologies of the co-culture, on day 310 (oxygen-limited 
operation under the low ammonium regime), 40 ml reactor sample was taken and 
cryofixed by high pressure freezing, freeze-substituted in acetone containing 2% 
osmium tetroxide and acetone containing 2% osmium tetroxide, 0.2% uranyl acetate 
and 1% water, embedded in Epon resin and sectioned using an ultramicrotome for 
transmission electron microscope (TEM) analysis (indicated by clubs in Fig. 1). 
Sample preparation was performed as previously described by van Niftrik et al. 
(2008b). 
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Table 2 Primers for PCR amplification and sequencing 
Primer Application Sequence (5’-3’) Specifictity Reference 
AmoAF PCR/qPCR GGGGTTTCTACTGGTGGT amoA Bacteria Rotthauwe et al.  
AmoAR PCR/qPCR CCCCTCKGSAAAGCCTTCTTC amoA Bacteria Rotthauwe et al.  
Cren AmoAF PCR ATGGTCTGGCTAAGACGMTGTA amoA Crenarchaea Hallam et al.  
Cren AmoAR PCR CCCACTTTGACCAAGCGGCCAT amoA Crenarchaea Hallam et al.  
CrenAomAQ-F qPCR GCARGTMGGWAARTTCTAYAA amoA Crenarchaea Mincer et al. 
CrenAomAModR qPCR AAGCGGCCATCCATCTGTA amoA Crenarchaea Mincer et al. 
HSF qPCR WTYGGKTATCARTATGTAG hzsA anammox This study 
HSR qPCR AAABGGYGAATCATAATGGC hzsA anammox This study 
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Results and Discussion 
Cultivation of a mixed culture of AOA, AOB and anammox bacteria 
 
Fig. 1. Concentrations of ammonium (■) and nitrite (□) in the effluent of the bioreactor throughout the 
entire operational period. The asterisks (*) indicate when biomass was harvested for genomic DNA 
isolation followed by PCR or qPCR analyses. The white triangles (△) indicate when potential activity 
assays for each functional group were performed. The reference marks (※) indicate when biomass was 
harvested for RNA isolation, and clubs (♣) and white stars (☆) indicate when biomass was harvested 
for TEM and lipid analyses, respectively. 
 
In order to mimick the conditions in the oxygen minimum zone as close as was 
technically feasible, an anaerobic preculture of “Ca. S. profunda” anammox bacteria 
was started and stabilized. The nitrite concentrations in the feed were increased twice, 
on day 34 and 59, from 10 mM to 11 mM and 12.5 mM respectively (as shown in 
Table 1). This resulted in a residual ammonium concentration of about 400 M, as 
shown in Fig. 1, which was deemed low enough to introduce AOA cells. On day 73, 
the precultivated N. maritimus culture (Fig. S1) was transferred into the anammox 
bioreactor, and oxygen was introduced carefully. An initial peak in the residual 
oxygen concentration was observed (maximum dissolved O2 less than 1%) which led 
to a temporary accumulation of 480 M nitrite (Fig. 1). Therefore, to ensure 
consumption of the residual oxygen and nitrite, the ammonium concentration of the 
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medium was increased to 10.5 mM. This led to consumption of all residual oxygen 
and resulted in a stabilized ammonium concentration in the reactor of 300 ± 30 μM. 
From day 130 onwards, due to the increasing activity of aerobic ammonium 
oxidizers, the ammonium concentration in the effluent gradually decreased to zero. 
On day 138 more than 500 μM nitrite and 1% oxygen was accumulated (data not 
shown). Therefore, new medium with 11 mM ammonium was used from day 140 
onwards, which resulted in a stable residual ammonium concentration of 30 ± 20 μM. 
Activity of marine anammox bacteria under oxygen limitation 
Freshwater anammox bacteria are known to be reversible inhibited by low oxygen 
concentrations (Strous et al., 1997). Nevertheless, marine anammox bacteria were 
detected in significant amounts in OMZs, not only in the OMZ core (with O2 ~ 1 μM) 
but also in upper layers of the OMZ where oxygen occurs in concentrations of 
around 20 μM (Lam et al., 2009; Stewart et al., 2012). This indicates that marine 
anammox bacteria may be better adapted to handle oxygen exposure than freshwater 
anammox bacteria investigated.  
Table 3 Results of offline potential activity analyses of the individual functional groups (μmol·gprot-1· 
min-1) 
Period Time 
(day) 
Anammox  AOM 
 ammonium nitrite  ammonium oxygen 
Anaerobic precultivation 69 20.3 24.3  0 0 
Oxygen limited operation with high (~300 
μM) residual ammonium 
134 24.1 24.4  1.3 2.6 
Oxygen limited operation with low  (~30 
μM) residual ammonium 
250 21.5 22.8  2.8 5.6 
 
Indeed, the activity of the marine anammox bacteria in our system did not appear to 
suffer from exposure to oxygen. The potential anammox activity was found to be 
stable throughout the experiment at 22 ± 2 µM NH4
+·g protein-1·min-1 (as shown in 
Table 3) under anaerobic conditions as well as during the entire oxygen-limited 
operation. The abundance of the “Ca. S. profunda” anammox bacteria did not change 
significantly as demonstrated by the hzsA gene copy numbers that remained stable at 
around 2.6±0.9×108 copies∙ng DNA-1 as assessed by qPCR. Also the expression 
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levels of the major catabolic anammox genes (Table 4; Fig. S2) did not change 
significantly when oxygen was introduced. 
Table 4 Differential gene expression of anammox bacteria during the oxygen limited period 
Gene description Gene 
name 
Relative coverage Ratio (oxygen limitation 
versus anaerobic conditions) 
anaerobic Oxygen-limitation 
NO3
-/NO2
- antiporter narK 1.7 3.7 2.1 
Nitrate reductase narGH 10 10.5 1.0 
NO2
- transport focA 1.2 3.3 2.8 
cd1 NO2
- reducatase nirS 15.9 10.9 0.7 
Octaheme HAO hao 28.2 13.9 0.5 
NH4
+ transport amtB 1.3 1.23 10 
Hydrazine synthase HZS 41.8 52.6 1.4 
Octaheme HZO hzo 55.5 46 0.8 
Cytochrome c oxidase cbb3 0.6 1.2 2.0 
Cytochrome c 
peroxidase 
 
 0.9 3.3 3.6 
Rubredoxin superoxide 
reductase 
 5.4 18.4 3.3 
 
However, the transcriptome and lipid analysis data revealed that anammox bacteria 
did respond to the changed conditions in the system (Table 4). Most notably an 
enhanced expression of ammonium transport proteins encoded by the amtB genes 
was observed. The expression increased more than 10-fold in the oxygen limited 
period when the ammonium concentration was around 30 µM. This upregulation was 
most likely an effect of the increasing competition for ammonium with nitrifiers. In 
addition, upregulated expression of several genes involved in oxidative stress 
(cytochrome c oxidase, cytochrome c peroxidase and rubredoxin superoxide 
reductase) was observed.  
It has been reported that anammox bacteria contain C18 and C20 ladderane fatty acids 
with 3 or 5 linearly condensed cyclobutane rings (Sinninghe Damsté et al., 2002c; 
Rattray et al., 2008). Under anaerobic conditions, in “Ca. Scalindua”-dominated 
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anammox enrichments, the relative abundance of C18[3]- and [5]-ladderane and C20[5] 
ladderane fatty acids were similar (Rattray et al., 2008). However, in the reactor 
sample representing oxygen-limited conditions the C18[3] ladderane fatty acid was 
much more dominant. This has never been observed before in reactor-cultivated 
anammox bacteria nor under in situ conditions (Table 5). Since the catabolism of 
anammox bacteria is assumed to occur in the anammoxosome organelle (van Niftrik 
et al., 2004), this observed composition change of ladderane lipids might help 
anammox bacteria to accommodate more amtB gene products or better adapt to 
oxygen exposure. GDGTs were detected (LC/MS analysis), including crenarchaeol 
indicative for AOA (Fig. S3). 
Table 5 Ladderane lipid contribution (%) in “Candidatus Scalindua profunda” enrichments under 
anaerobic versus oxygen-limited conditions 
Ladderane fatty 
acids 
Structure Relative contribution (%) 
Anaerobic*  
Oxygen-
limitation 
C18[5] fatty acid 
 
36  13 
C18[3] fatty acid 
 
30  66 
C20[5] fatty acid 
 
23  4 
C20[3] fatty acid 
 
11  17 
*Calculated from Rattray et al (2008) 
Transmission electron microscopy was used to visualize the presence and abundance 
of anammox bacteria under oxygen limitation, as shown in Fig. 2A and B. As 
expected the majority of cells (73%) in the EM pictures were typical anammox cells 
showing the unique anammoxosome organelle (van Niftrik et al., 2008a,b). 
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Fig. 2. Transmission electron micrographs of the bioreactor mixed culture: A, overview of mixed 
culture (AOA, AOB and anammox bacteria); B, anammox bacterium containing the typical 
anammoxosome organelle; C, AOB containing the typical internal membrane structures; D, putative 
AOA. The scale bars are 2 μm (A) and 200 nm (B-D). 
 
Abundance and competition of AOA and AOB in the mixed-culture 
After the introduction of N. maritimus cells, oxygen was introduced into the reactor 
system, and bacterial and archaeal amoA gene copy numbers were used as molecular 
biomarkers to monitor the growth and abundance of AOB and AOA in the mixed 
culture. The relative growth of AOB versus AOA based on amoA copy number was 
strongly correlated with the ammonium concentration in the bioreactor, as shown in 
Fig. 3. In the period of relatively high residual ammonium concentration (more than 
300 μM), amoA gene copy numbers of indigenous AOB increased and were higher 
than those of the AOA. With decreasing ammonium concentration (< 30 μM), the 
relative as well as the absolute abundance of AOA increased (as indicated by 
archaeal amoA copy numbers). The community composition of the culture 
subsequently remained stable from day 211 onwards with an almost equal ratio of 
AOA and AOB amoA copy numbers of 1.6±0.4  105 and 3.2±0.1  105 copies∙ng 
DNA-1, respectively. In general, the introduction of oxygen into the system resulted 
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in an increase of aerobic ammonia oxidizers. While bacterial amoA gene copy 
numbers increased 25-fold, AOA abundance increased by two orders of magnitudes 
since the start of oxygen addition to the culture. Changes in the population sizes 
suggest that the ammonium concentration controlled the competition between AOA 
and AOB, with low ammonium concentrations favoring the growth of AOA which is 
in line with the high affinity for ammonium of N. maritimus (Ks=133 nM Martens-
Habbena et al., 2009). In marine OMZs and other marine habitats ammonium 
concentrations are even more extremely limited (< 0.35 μM, Stewart et al., 2012) 
than in our bioreactor set-up which might give a further competitive advantage of 
AOA over AOB. The transcriptome data showed a ratio of AOB/AOA of 1.6 based 
on mRNA sequencing, which is in good accordance with the equal amoA gene copy 
numbers of AOA and AOB in the mixed culture. Archaeal and bacterial ammonium  
 
Fig. 3. Changes on the relative abundance of amoA gene copy number from aerobic ammonium 
oxidizing-archaea (■) and bacteria (□) in the bioreactor throughout the entire operational period in 
response to changing residual ammonium concentration. Values of amoA copy number are the averages 
of values from 3 measurements.  
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monooxygenase (amoC) and ammonium transporter (amtB) encoding genes were 
both found highly expressed under oxygen limited conditions. Interestingly, high 
expression of the N. maritimus ammonium transporter gene was also observed in the 
Chile OMZs, where it represented over 8% of the coding transcripts at 85 m depth 
(Stewart et al., 2012). 
In the TEM analysis, it was possible to identify AOB cells with their typical internal 
membrane structures, as shown in Fig. 2A and C. Some rod-shaped, smaller 
microbes were found in the mixed culture, see Fig. 2A and D, which were expected 
to be AOA according to their size  (with a diameter of 0.17 – 0.22 mm and a length 
of 0.5 – 0.9 mm) and morphology (rod-shape) (Könneke et al., 2005). 
Relative contribution of AOA and AOB to nitrification in the mixed culture 
N. maritimus was found to be inhibited by PTIO (2-phenyl-4,4,5,5,-
tetramethylimidazoline-1-oxyl 3-oxide, Martens-Habbena and Stahl, in prep). Thus, 
in order to discriminate between the contribution of AOA and AOB, the inhibitor 
PTIO was used in batch experiments as shown in Fig. S4. Ammonium-oxidizing 
activity of AOA was fully inhibited, while activity of AOB was unaffected. PTIOs 
have been used extensively in medical research as a scavenger of free radical nitric 
oxide (·NO) (Amano and Noda 1995; Akaike and Maeda 1996; Ellis et al., 2001). 
Although the mechanism of the observed differential inhibition of PTIO on the 
activity of AOA is not yet known, the recently proposed pathway of archaeal 
ammonium oxidation involving nitroxyl radicals may provide some explanations. 
Walker et al., (2010) proposed that AOA use a different ammonia oxidation pathway 
and, in contrast to their bacterial counterparts, do not produce hydroxylamine during 
the conversion of ammonium, but the reactive intermediate nitroxyl (nitroxyl hydride, 
HNO). This nitroxyl anion (NO-) could then can be rapidly oxidized to free 
radical ·NO in the presence of PTIO (Ellis et al., 2001). Under fully aerobic 
conditions AOB may not produce NO and thus their aerobic metabolism would not 
be inhibited by PTIO. Interestingly, Kartal et al., (2011) showed that also the 
anaerobic ammonium-oxidizing bacterium “Ca. K. stuttgartiensis” produces NO as 
an intermediate and is strongly inhibited by PTIO. The different inhibition effects of 
PTIO on AOA and AOB, were used to estimate the contribution of each group to the 
total ammonium-oxidizing activity of the mixed culture. The ammonium 
consumption after PTIO addition was assumed to represent the contribution of 
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bacterial nitrification only. Based on the PTIO incubations it was calculated that 40-
60% of total ammonium-oxidizing activity might be attributed to  AOA (Fig. 4). The 
lower value of 40% was obtained in the respiratory measurement, where agitation 
was employed. This is in agreement with Martens-Habbena et al., (2009) who 
suggested that AOA are adversely affected by stirring. 
 
Fig. 4. Potential aerobic ammonia-oxidizing activity of the mixed culture before (total nitrification 
activity) and after (bacterial nitrification activity) PTIO addition: (A) oxygen respiration and (B) 
ammonium consumption  
 
Coupled partial nitrification-anammox from OMZs to wastewater treatment 
plants (WWTPs) 
Anammox bacteria and aerobic ammonium-oxidizing archaea are both recently 
discovered players in the nitrogen cycle (Mulder et al., 1995; Könneke et al., 2005). 
Their discovery has greatly changed our view on nitrogen loss from marine OMZs, 
where bacterial nitrification and denitrifcation were thought previously to be solely 
responsible for this loss. Recently, in situ studies indicated the presence of archaeal 
nitrification and anammox in various oxygen limited ecosystems, such as the 
Peruvian (Lam et al., 2009), Chilean (Stewart et al., 2012), Namibia (Woebken et al., 
2007) and Arabian Sea OMZs (Jaeschke et al.,2007; Jensen et al., 2011; Pitcher et al., 
2011), the Black Sea (Lam et. al., 2007, Coolen et al., 2007) and Cariaco Basin 
(Wakeham et al., 2012). However, because of the many interactions and 
contributions of different microorganisms in the nitrogen cycle, it is difficult to in 
situ target one or two microbial activities only. The mixed culture obtained in the 
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present study, which consisted of marine AOA, AOB and anammox bacteria, 
provided a unprecedented opportunity to investigate the interaction of AOA, AOB 
and anammox bacteria under similar conditions as prevailing in OMZs. Under 
oxygen-limitation, low residual ammonium concentration stimulated the growth of 
AOA and restricted growth of AOB, and the produced nitrite was taken up by 
anammox bacteria and converted directly into dinitrogen gas.  
Cooperation of aerobic and anaerobic ammonium-oxidizig microbes under oxygen 
limitation has been observed before in one step systems (i.e. completely autotrophic 
nitrogen removal over nitrite, CANON) that treat ammonium-containing waste 
streams (Sliekers et al., 2002). The maximum nitrogen removal rate of 0.1 kg N·m-
3·d-1 obtained in the present mixed culture was relatively low compared to previous 
studies that used higher ammonium loading rates. Notably, low residual ammonium 
concentrations were obtained in the present system that might be a better reflection 
of the OMZ conditions. The ammonium effluent concentrations in one step CANON 
systems always exceeded 0.5 mM (Sliekers et al., 2002; Vázquez-Padín et al., 2009; 
Zhang et al., 2010; Bagchi et al., 2010). The presently observed cooperation between 
AOA and anammox might be beneficial to treat very diluted waste streams at 
ambient temperature (Kartal et al., 2010). 
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Supplement 
 
Fig. S1. Concentrations of ammonium (● ) and nitrite (□ ) in the preculture of Nitrosopumilus 
maritimus.  
 
 
 
Fig. S2. Gene expression of “Ca. Scalindua profunda” ananmmox bacteria under anoxic versus oxic 
condition. RPKM = number of reads per kb of transcript per million mapped reads. 
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Fig. S3. Base peak chromatogram of LC/MS analysis of GDGTs in the bioreactor. Concentrations of 
specific GDGTs and their structures are indicated. 
 
 
Fig. S4. Potential aerobic ammonia-oxidizing activity of the Nitrosopumilus maritimus culture (A) and 
Nitrosomonas-like AOB enrichment (B). Open squares (□) and closed squares (■) indicate AOB 
enrichment with and without PTIO addition, respectively.  
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Abstract 
Anaerobic ammonium oxidation (anammox) plays an important role in oceanic 
nitrogen loss. In situ phylogenetic analyses have indicated that marine anammox 
bacteria are dominated by members of the “Candidatus (Ca.) Scalindua” genus, 
while terrestrial freshwater anammox bacteria have been found to belong to the 
“Candidatus Kuenenia, Brocadia, Anammoxoglobus or Jettenia” genera. This 
peculiar species distribution of extremely restricted marine anammox bacterial 
diversity might be caused by environmental parameters. In comparison to 
freshwater systems, marine ecosystems are in general characterized by high 
salinity, limited substrate availability and a lower temperature. In the current 
study, competition between freshwater anammox bacteria (“Ca. Kuenenia 
stuttgartiensis”) and marine anammox bacteria (“Ca. Scalindua profunda”) was 
studied in a membrane bioreactor in relation to substrate limitation 
(ammonium and nitrite) and lowering of the temperature. Changes in 
community composition were identified and quantified by Fluorescence in situ 
Hybridization (FISH) and qPCR / reverse transcript qPCR analysis of hzsA 
genes. To explore the roles of substrate transporter genes in the competition 
between “Ca. Kuenenia” and “Ca. Scalindua” anammox bacteria, expression of 
ammonium (amtB) and nitrite transporter genes (focA) were analyzed by 
reverse transcript qPCR. Distinct competition between “Ca. K. stuttgartiensis” 
and “Ca. S. profunda” anammox bacteria could be observed under ammonium-
limited conditions and suggested that “Ca. K. stuttgartiensis” was a better 
competitor for ammonium than “Ca. S. profunda”. Nitrite limitation combined 
with lowered temperature seemed to benefit “Ca. Scalindua sp.” anammox 
bacteria. 
Introduction 
Anaerobic ammonium-oxidizing (anammox) bacteria, which convert ammonium 
with nitrite to dinitrogen gas in the absence of oxygen, are important players in the 
global nitrogen cycle (Kuypers et al., 2005; Galán et al., 2009; Woebken et al., 2008; 
Lam et al., 2009; Stewart et al., 2012; Hamersley et al., 2007; Humbert et al., 2010).  
So far, five anammox “Candidatus” (“Ca.”) genera have been enriched, namely; “Ca. 
Brocadia, Kuenenia, Scalindua, Anammoxoglobus and Jettenia”. These genera form 
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a new monophyletic order called ‘Brocadiales’ (Jetten et al., 2009). Anammox 
16S rRNA gene sequences have been used as biomarkers to detect and quantify 
anammox bacteria in different ecosystems. Recently, the hydrazine synthase (hzs) 
gene was shown to be an unique phylomarker suitable to detect the presence and 
diversity of anammox bacteria from different environments (Harhangi et al., 2012).  
According to both 16S rRNA and hzsA gene phylogeny analyses, “Ca. Brocadia, 
Kuenenia, Anammoxoglobus and Jettenia”-like anammox bacteria were found to be 
ubiquitous in freshwater and terrestrial ecosystems (Hu et al., 2011; Humbert et al., 
2010; Hirsch et al., 2011; Harhangi et al., 2012). However, in marine ecosystems, 
only “Ca. Scalindua” genus sequences have been found (Schmid et al., 2007; 
Woebken et al., 2008; Harhangi et al., 2012). The reason for this restricted 
phylogenetic diversity of anammox bacteria in the marine ecosystem still awaits 
clarification as freshwater anammox bacteria can be adapted to higher salt 
concentrations (Windey et al., 2005; Kartal et al., 2006; Liu et al., 2008). 
Environmental factors are known to play an important role in structuring community 
composition and influencing diversity (Willis et al., 2002). The environmental 
characteristics of freshwater and marine ecosystem obviously differ greatly. The 
oceanic environment is characterized by high salinity, low temperature and low 
substrate concentrations (ammonium and nitrite) (Schmid et al., 2007; Lam and 
Kuypers 2011). Freshwater “Ca. Kuenenia” anammox bacteria are able to adapt to 
higher concentrations of salt (> 30 g·L-1) (Kartal et al., 2006; Dapena-Mora et al., 
2010), which indicates that a high salt concentration does not preclude the growth of 
freshwater anammox bacteria. Lam and Kuypers (2011) recently reported a 
correlation between ammonium concentration and anammox rates in three different 
marine OMZs (Peru, Namibia, Arabian Sea). In contrast, nitrite concentrations did 
not correlate significantly with anammox rates. These findings suggested that 
ammonium concentration might be an important factor in selection for a particular 
anammox genus. Therefore, a hypothesis to explain the dominance of the “Ca. 
Scalindua” genus in the marine ecosystem is that members of this genus possess a 
higher affinity to ammonium than other microbial species including freshwater 
anammox bacteria. In the genome sequence of both “Ca. Kuenenia stuttgartiensis” 
and “Ca. Scalindua profunda”, multiple genes encoding for ammonium transport 
proteins (amtB) and nitrite transport proteins (focA) were identified which might 
result in high substrate affinity and contribute to substrate scavenging (Strous et al., 
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2006; van de Vossenberg et al., 2012). High expression of amtB and focA anammox 
bacterial genes have been observed in marine OMZs (Stewart et al., 2012; van de 
Vossenberg et al., 2012). A possible role of ammonium and nitrite transporter 
proteins in the competition between different anammox species is not yet known. 
Most of the applied freshwater anammox processes used for wastewater treatment 
are maintained at temperatures around 30 °C (Strous et al., 1999; Joss et al., 2009), 
and when temperatures are decreased to 15°C, the system  loses its stability even 
after low temperature adaption (Dosta et al., 2008). In contrast, the in situ 
temperature of marine OMZs lies between 0 and 16°C (Kuypers et al., 2003; 
Hamersley et al., 2007; Schmid et al., 2007; Galán et al., 2009), and a stable “Ca. 
Scalindua”-dominated enrichment has been obtained at 15°C (van de Vossenberg et 
al., 2008). Thus, a better adaptation to low temperatures by “Ca. Scalindua” might 
play a role in anammox species differentiation. 
The aim of this study was to enhance our understanding of the effect of 
environmental parameters, such as substrate concentrations and temperatures, on the 
competition between freshwater and marine anammox bacteria. Kinetic experiments 
were performed to evaluate the affinity towards ammonium and nitrite of “Ca. K. 
stuttgartiensis” (representative for freshwater anammox species) and “Ca. S. 
profunda” (representative of marine anammox species) as single cells for both 
anammox bacteria are now available (van der Star et al., 2008). Furthermore, long-
term competition experiments were performed by introducing both “Ca. K. 
stuttgartiensis” and “Ca. S. profunda” anammox bacteria into a single bioreactor 
system (a 2 L membrane bioreactor) with variable ammonium and nitrite 
concentrations and temperature. In these long-term bioreactor experiments changes 
in community composition were monitored by both Fluorescence in situ 
Hybridization (FISH) and (hzsA-based) qPCR. In addition, expression levels of 
ammonium (amtB) and nitrite transporter genes (focA) as well as the expression of 
hzsA genes were monitored by real-time reverse transcription qPCR. 
Materials and methods 
Reactor setup  
The bioreactor set-up consisted of a glass and stainless steel (3 L), with 1.5 L 
working volume, Applikon bioreactor (Applikon biotechnology BV, Schiedam, the 
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Netherlands), autoclaved for 20 min at 120 °C and 15 kPa prior to use, equipped with 
pH and temperature sensor, and a level controller. The pH was controlled at 7.3 ± 
0.05 with a 1 M NaHCO3 solution and the reactor was stirred at 300 rpm (AD1010, 
stirrer controller, Applikon biotechnology BV, Schiedam, the Netherlands). The 
temperature of the bioreactor was controlled by a water bath (MultiTemp® III, 
Pharmacia Biotech, Uppsala, Sweden) at the temperatures specified in Table 1.  
Table 1 Substrate levels, salt concentration and temperature of the bioreactors 
                                          Time (day) Influent Salinity 
(%) 
Temperature 
(°C) Ammonium (mM) Nitrite (mM) 
KS1*  
Salt-adaptation  0-20 5 5 0 22 
22 
22 
22 
22 
22 
22 
22 
 
22 
21-28 5 5 0.5 
29-35 5 5 1 
36-42 5 5 1.5 
44-50 5 5 2 
Ammonium sufficient  51-67 10 10 2 
68-83 10 12 2 
Ammonium limitation  84-120 10 12.5 2 
Ammonium-sufficient  121-160 10 12 2 
KS2** 
Salt-adaptation  0-10 5 6 1.68 22 
Ammonium sufficient   11-20 10 12 2 22 
Ammonium limitation 21-40 10 12.5 2 22 
Ammonium-sufficient  41-80 10 12 2 22 
Ammonium-sufficient   81-115 7 6 2 18 
Ammonium-sufficient 
conditions 
116-150 3 2 2 15 
Ammonium-sufficient  151-200 3 2 2 11 
* Bioreactor experiment KS1: competition between “Ca. Kuenenia” and “Ca. Scalindua” in Kuenenia 
medium supplemented with Red Sea salt. 
** Bioreactor experiment KS2: competition between “Ca. Kuenenia” and “Ca. Scalindua” in Scalindua 
Red Sea salt medium. 
 
An influent pump continuously filled the reactor daily with 0.25 L medium 
supplemented with ammonium and nitrite (see Table 1), while an effluent pump 
removed  medium from the bioreactor through a membrane (pore size 0.2 μm) 
whenever the medium level exceeded 1.5 L. To prevent the formation of granular or 
flocculent biomass, settling periods were not included. To maintain anoxic conditions, 
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the bioreactor and medium vessel were flushed continuously with Ar/CO2 (95%/5%, 
v/v; 20 mL min-1). 
Experimental procedures 
Affinity evaluation  
“Ca. K. stuttgartiensis” and “Ca. S. profunda” affinities for nitrite 
Incubations were performed in a 250 ml bottle, equipped with continuous N2-
flushing and stirring (150 rpm). Single cell culture material of “Ca. K. 
stuttgartiensis” and “Ca. S. profunda” (enrichments with about 97% purity of 
anammox bacteria and OD600 about 1.1, data not shown) were diluted three times 
with 20 mM HEPES buffer (pH 7.4) and 3.3% Red Sea salt medium (RSM, pH 7.3), 
respectively. Nitrite (150 μM) was added from a 100 mM sterile nitrite stock solution. 
Ammonium was not added because the residual ammonium concentration in the 
original single cell suspensions was quite high (about 4 mM). To get rid of the 
oxygen in the system 20 min of flushing preceded the sampling. Liquid samples (0.5 
ml) were taken, centrifuged (15 min; 10,000 × g), and stored on ice until analysis. 
The time interval for taking samples was 10 min until the nitrite concentration 
decreased to about 50 μM, thereafter liquid samples were taken every minute until 
the end of the experiment. The Michaelis-Menten equation was used to evaluate the 
half-saturation constants (Ks) values. 
“Ca. K. stuttgartiensis” and “Ca. S. profunda” affinities for ammonium 
To reduce the inherent ammonium concentration (see above) of the single cell 
suspension, nitrite was replenished multiple times in a 150 ml batch incubation 
(maximum 1 mM nitrite each time), until all of the ammonium was consumed. 
Thereafter incubation was performed in a 250 ml bottle, equipped with continuous 
N2-flushing and stirring (150 rpm). Dilution was performed as described above after 
pre-incubation for inherent ammonium. 50 and 100 μM ammonium were added for 
the incubation of “Ca. K. stuttgartiensis” and “Ca. S. profunda” respectively from a 
100 mM sterile ammonium stock solution. Sample collection and Ks values 
evaluation were performed as described above. 
Long-term competition in a bioreactor 
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To study the competition between the “Ca. Kuenenia” and “Ca. Scalindua” genera, 
two media types might be considered. The first possibility is to use the mineral 
medium routinely used for cultivation of “Ca. K. stuttgartiensis” anammox bacteria 
(Egli et al., 2001) and supplement this with Red Sea salt to reach the desired salinity 
for “Ca. Scalindua” anammox bacteria growth. The second possibility is to use the 
Red Sea salt medium routinely used for “Ca. S. profunda” anammox bacteria (van de 
Vossenberg et al., 2008). Therefore, two experiments (KS1 and KS2) were 
performed with these two different media.  
Bioreactor experiment KS1: competition between “Ca. Kuenenia” and “Ca. 
Scalindua” in Kuenenia medium supplemented with Red Sea salt. 
The membrane reactor was filled with 1 L of medium routinely used for cultivation 
of “Ca. Kuenenia”. After establishment of anaerobic conditions 150 ml “Ca. K. 
stuttgartiensis” single cells were introduced. Red Sea salt was added to the mineral 
medium gradually during a salt-adaptation period (50 days) until a final 
concentration of 2% salt was reached (see Table 1). After this salt adaptation, “Ca. 
S. profunda” single cells were introduced on day 51 in equal cell numbers to “Ca. 
K. stuttgartiensis” The cell numbers were balanced based on cell density, as 
determined by OD600 measurements. Ammonium and nitrite concentration in the 
medium were doubled (both from 5 mM to 10 mM) to ensure sufficient substrate was 
available to allow for activity of all anammox bacteria present in the system. After 32 
days of operation under ammonium-sufficient conditions, the ammonium and nitrite 
concentrations in the influent were further balanced (to final concentrations of 10 and 
12.5 mM respectively) to induce ammonium limitation (see Table 1). After 35 days 
of operation under ammonium limitation, the reactor was switched back to 
ammonium-sufficient conditions. The temperature was maintained at 22 ± 2 °C 
throughout the entire experiment.  
Bioreactor experiment KS2: competition between “Ca. Kuenenia” and “Ca. 
Scalindua” in Scalindua Red Sea salt medium 
To ensure that observations made in the KS1 bioreactor experiment were not an 
effect of the use of “Ca. Kuenenia” medium supplemented with Red Sea salt, 
bioreactor experiment KS2 was performed using “Ca. Scalindua” medium (RSM). 
For this experiment 1 L “Ca. Kuenenia” medium containing 150 ml “Ca. 
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K. stuttgartiensis” single cells was introduced into the bioreactor and 2% RSM was 
used as the influent. After salt adaption to a level of 1.68 % (on day 11), “Ca. 
S. profunda” single cells were introduced in equal cell numbers to “Ca. K. 
stuttgartiensis” as described above. Ammonium and nitrite concentrations in the 
medium were thereafter doubled to ensure ammonium-sufficient conditions. The 
reactor was operated for 10 days under ammonium-sufficient conditions after the 
introduction of “Ca. S. profunda”. Ammonium and nitrite influent concentrations 
were further balanced to induce ammonium limitation (see Table 1) on day 21. After 
20 days of operation under ammonium limitation, the ammonium concentration in 
the influent was changed again to switch back to ammonium-sufficient conditions. 
From day 81 onwards, the operating temperature of the reactor was decreased in a 
stepwise manner from 22 °C to 11 °C to study the response of “Ca. 
K. stuttgartiensis” and “Ca. S. profunda” to temperature stress. Incubation was 
performed at 18°C, 15°C and 11°C for 35 days, 35 days and 40 days, respectively.  
Liquid samples were withdrawn 3 to 4 times every week, centrifuged (10 min at 
10,000 × g), and the resultant supernatant stored at -20°C until measurement of 
ammonium and nitrite. The microbial community composition of the bioreactor was 
analyzed through FISH in each of the following periods of interest: after salt 
adaption, under ammonium sufficient conditions, ammonium limitation and also for 
each temperature. Detailed sampling dates are indicated in the legend of the FISH 
images (Fig. 2). Competition of “Ca. K. stuttgartiensis” and “Ca. S. profunda” 
anammox bacteria was monitored by qPCR using primers specifically targeting hzsA 
genes of “Ca. K. stuttgartiensis” or “Ca. S. profunda”, respectively. These analyses 
(see below for procedures) were performed on samples taken from the same time 
points as those for the FISH analysis. The expression of both “Ca. K. stuttgartiensis” 
and “Ca. S. profunda” ammonium as well as nitrite transporter genes were analyzed 
by real-time reverse transcription qPCR on samples taken from the same time points 
as those of the FISH analysis (for methodology see below).  
DNA and RNA isolation and reverse transcription 
Both DNA and RNA isolations were performed on biomass harvested by 
centrifugation (10,000 ×g; 10 min) from 2 ml reactor samples. DNA isolation was 
performed as described by Yan et al., (2010b). Samples for RNA isolation were 
frozen immediately after harvesting by dipping in liquid nitrogen and stored at 
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− 80°C until use. RNA was isolated with the RiboPure-Bacteria kit (Ambion, 
AM1925). After the standard RNA isolation procedure, two additional DNAse 
treatments were performed to further purify the isolated RNA (DNAse treatment was 
performed according to the supplier’s instructions). Purity of all DNA and RNA 
samples was checked through electrophoresis on 1% agarose gels. Quantification 
was performed using a NanoDrop ND-1000 spectrophotometer. All purified RNA 
samples were diluted to a final concentration of 8-12 ng·μl-1, prior to reverse 
transcription. First-strand cDNA was generated by using the Revert AidTM First 
Strand cDNA Synthesis kit (Fermentas GMBH, St.Leon-Rot, Germany) with random 
hexamer primers according to the supplier’s instructions. 
Real-time qPCR/reverse transcription qPCR analyses 
Based on genome data of “Ca. K. stuttgartiensis” and “Ca. S. profunda”, 23 species-
specific qPCR primer sets (product size 200-350 bp) were designed to amplify the 
hzsA, amtB and focA genes as shown in Table 2 (gene ID’s for “Ca. Kuenenia” are 
from Strous et al., 2006; for “Ca. Scalindua”, see van de Vossenberg et al., 2012). 
Genomic DNA of “Ca. K. stuttgartiensis” and “Ca. S. profunda” was used to check 
the specificity of the primers, using “Ca. Kuenenia” DNA as a biological negative 
control in addition to the normal chemical negative control (PCR reaction mix 
without template) for “Ca. Scalindua”-targeting primer sets and vice versa. All 
negative controls were indeed negative and for all positive control reactions single 
specific bands of the appropriate size could be observed on 1.3% agarose gels for all 
designed primer sets. The resulting PCR products were cloned using the pGEM-T 
Easy kit and XL1 blue E. coli competent cells. Plasmids were isolated and purified 
with the Gene JET Plasmid Miniprep kit (Fermentas GMBH, St. Leon-Rot, 
Germany). Five plasmids were sequenced for each primer set to verify the resultant 
products (20 primer sets). 
Real-time gradient PCR was performed with an iCycler iQ5 thermocycler and real-
time detection system (Bio-Rad, CA, USA). Each PCR mixture (25 μl) consisted of 
12.5 μl of 2× SYBR Green PCR master mix (Finnzymes, Finland), 1 μl of forward 
and reverse primers (20 pmol·ml-1) and 1 μl of template genomic DNA (5 - 10 ng) 
per well. PCR amplifications and quantifications were performed in MicroAmp 
Optical 96-well reaction plates. Thermocycling was performed as follows: initial 
denaturation at 95 °C for 3 min; 40 cycles of amplification consisting of, 
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denaturation at 95 °C for 1 min, primer annealing at the appropriate annealing 
temperature (see Table 2) for 1 min, extension at 72 °C for 1 min, followed by a final 
elongation at 72 °C for 5 min. Quantification standard curves were constructed from 
series of 10-fold dilutions of sequenced plasmids (DNA copy numbers ranging from 
103 to 108 per reaction), with inserts of the hzsA, amtB and focA genes of “Ca. 
K. stuttgartiensis” and “Ca. S. profunda” anammox bacteria, respectively. The 
amplification efficiencies were between 95% and 105%, with R2 value ranging from 
0.994 to 0.999. Negative controls for all PCR reactions did not yield any products 
within 40 cycles. 
Fluorescence in situ hybridization (FISH) 
Biomass (harvested by centrifugation for 10 min at 10,000 × g from 2 ml samples) 
was fixed for FISH analyses by addition of 4% w/v paraformaldehyde, incubation on 
ice (3 h), centrifuging (15 min 10,000 × g) and washing the resulting pellet with 
100 μl phosphate buffered saline (PBS) and finally adding 100 μl 100% EtOH upon 
which the sample was stored at -20°C until analysis. FISH analyses were performed 
as described by Amann et al. (1990). Vectashield (Vector Laboratories, inc., 
Burlingame, CA) mounting medium with DAPI (4, 6-diamidino-2-phenylindole) was 
used to enhance the fluorescent signal and stain all DNA. Probes (for specifications 
see Table 3) were purchased as Cy-3 and 5(6)-carboxyfluoresein-N-
hydroxysuccinimide ester (FLUOS) labeled derivatives from Thermohybaid (Ulm, 
Germany). A probe combination of KST1240 and Amx820 (Schmid et al., 2000) was 
used yielding double-hybridization for “Ca. K. stuttgartiensis” while “Ca. 
S. profunda” only hybridized with Amx820.  
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Table 2 Primer and probe specification 
Primers for qPCR   
“Ca. Kuenenia”  
target gene 
 
Primer name 
 
 
Annealing 
Temperature 
(°C) 
Forward Primer 
 
 
Reverse Primer 
 
 
Product 
size 
(bp) 
Detection 
limit 
(copies·μl-1 
DNA)* 
hzsA KustehzsA F/R 59 TATCAATATGTAGAGAGC TCATACCACCAGTTGTAC 232 104 
amtB K3690 Kuste 3690 F/R 62,5 CATGGTATTCTTGATGCAG TGAATACGATAACGTATTGG 325 104 
amtB K1009 Kuste 1009 F/R 59 TCTCAGGCGTATTCAGGC TGTATGAACTACGGCGCAAC 318 101 
amtB K1012 Kuste 1012 F/R 64 AAGGTGTCTTCTTTTTATCAC ATCCAGCCCCAAGGAAGACG 200 103 
amtB K1015 Kuste 1015 F/R 60,5 GTACTGGTGATGGCCGCA TGGATACTGATTACCGCC 206 102 
amtB K0381 Kuste 0381 F/R 53,5 TGCGGCAGCCGCCGAGGCG ACCAGGCATACCATGAAGG 228 101 
focA k0004 Kuste 0004F/R 64.5 ATCTGAATACGTCCAGAACG TCAGGGCAAGCGTAGTGAG 242 102 
focA k1720 Kuste 1720F/R 64.5 TGTAACGAGTGATTCTGCTC TCCAGAAGACCATCAGGATC 230 102 
focA k1721 Kuste 1721F/R 63.5 TGCAAGGACGAATCTTGACG ACGCTATGATTACATTCCTC 278 102 
focA k4324 Kuste 4324F/R 56 ATTGGTAACAAGTGATTC TGTGTTTCATACATCCAC 246 104 
“Ca. Scalindua” 
target gene  
      
hzsA Scal HS F/R 57 GGWTATCAGTATGTAGAA CTGAACCACCAGTTGTAA 230 102 
amtB S00591 Scal 00591 F/R 59 GCATGAGGTTTAGCGCGTG GCACCAAGCGCTATCATAGG 244 102 
amtB S00594 Scal 00594 F/R 59 TGGAGGATCATATCTGGC TCCGCACAATACAGCACTG 217 102 
amtB S00596 Scal 00596 F/R 65 ACTGGTTGTTGTCGGAAC ACTAATCCGCCAAGTGCG 216 102 
amtB S01681 Scal 01681 F/R 59 TGGCGGTTCCAACGCTGC TGTATGAATAACCGATGCTC 325 101 
amtB S03708 Scal 03708 F/R 62.5 TGGGGAGGAATACAATCAG TCATGGCAAGGGTACTGCC 265 101 
amtB S00587 Scal 00587F/R 53.5 ACTCTCGGTGTTATCCTC TCCACCAATTGCATGAAC 340 102 
focA s00416 Scal 00416F/R 56 TGTTAGTTGGATGTCTCAG ACCAGAATATCAGGAATAC 300 104 
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foca s00974 Scal 00974F/R 63.5 TTCAAGTACGTCTCAGCTG AGCTCTGCGCCAGTAATTAC 285 102 
foca s00975 Scal 00975F/R 60.5 ATCGTTGTATACTTTGTG TCATGATCTTGTCTGCCAC 205 102 
FISH probes     
Target organisms Probe Formamide (%) Sequence Reference  
“Ca. Kuenenia stuttgartiensis” KST1240 20 CTTAGCATCCCTTTGTACCGACC This study  
All anammox bacteria Amx820 20 AAAACCCCTCTACTTAGTGCCC Schmid et al., 2001  
*The detection limit was evaluated by setting the threshold cycle (Ct) to 40 in the standard curve 
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Results 
Substrates affinities 
Nitrite consumption plots for “Ca. K. stuttgartiensis” and “Ca. S. profunda” are 
shown in Fig. 1A and B, respectively. The half-saturation constants (Ks) for nitrite 
were lower than 6 and 7 μM for “Ca. S. profunda” and “Ca. K. stuttgartiensis”, 
respectively. These data were in good agreement with previous studies for “Ca. 
Brocadia anammoxidans” (Strous et al., 1999) and “Ca. K. stuttgartiensis” single cell 
anammox bacteria (van de Star et al., 2008), which reported Ks values lower than 5 
and 3 μM respectively. 
 
Fig. 1 Nitrite and ammonium consumption of “Ca. S. profunda” (panels A and C) and 
“Ca K. stuttgartiensis” (panels B and D)  
 
Ammonium consumption plots are shown in Fig. 1C and D. The half-saturation 
constants (Ks) for ammonium were 0.2 and 0.8 μM for “Ca. S. profunda” and “Ca. 
K. stuttgartiensis”, respectively. This indicates that both “Ca. S. profunda” and “Ca. 
K. stuttgartiensis” anammox bacteria are well-equipped to scavenge ammonium from 
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the environment. Their ammonium affinities are comparable to those of the aerobic 
ammonium-oxidizing archaea (Nitrosopumilus maritimus, Ks 0.133 μM; Martens-
Habbena et al., 2009).  
The observed differences between substrate affinities of “Ca. K. stuttgartiensis” and 
“Ca. S. profunda” were too small to be able to predict the outcome of competition for 
limiting amounts of substrates and therefore competition was investigated in 
bioreactor experiments as described below.  
Long-term competition in a bioreactor 
Effects of substrate limitation 
Bioreactor KS1 
After the salt adaptation of the “Ca. K. stuttgartiensis” single cells (day 51 of the 
incubation) and amending the bioreactor with “Ca. S. profunda” anammox bacteria 
in equal abundance, which led to a total OD600 of 0.46. The elevated influent 
concentrations of substrates (10 mM ammonium and 10 mM nitrite, see Table 1), 
adopted to allow growth of both species resulted in effluent concentrations of about 
300 μM residual ammonium and 0 μM nitrite, and an OD600 increase from 0.46 to 
0.50 from day 51 to 67. FISH analyses revealed that both “Ca. K. stuttgartiensis” and 
“Ca. S. profunda” persisted under these ammonium-sufficient conditions (Fig. 2A). 
During this period the anammox community was estimated (visual inspection) to be 
consistent of 50% “Ca. Kuenenia” and 50% “Ca. Scalindua” anammox bacteria. The 
nitrite concentration in the influent was increased twice, on day 68 and 84, from 10 
mM to 12 mM and 12.5 mM, respectively, which finally led to a residual ammonium 
concentration about 40 μM which was considered sufficiently low to allow for 
competition for ammonium between the two anammox species. This ammonium-
limited period lasted from day 84 to 120 and FISH analysis demonstrated that during 
this time “Ca. Scalindua” cell numbers dropped below the detection limit (< 1% of 
the total microbial community, see Fig. 2B). Concomitantly the OD600 decreased to 
about 0.31. Based on the FISH results “Ca. S. profunda” anammox bacteria 
disappeared from the bioreactor within 14 days indicating that cells were not able to 
maintain themselves in the system. 
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Fig. 2 Fluorescence images of biomass from the reactor experiments KS1 and KS2 covering different 
periods. A, KS1 ammonium-sufficient conditions (day 65); B, KS1 ammonium-limited conditions 
(day 100); C, KS2, ammonium-sufficient conditions (day 15); D ammonium-sufficient conditions in 
KS2 (day 20); E, KS2 ammonium-limited conditions (day 40); F, KS2 ammonium-sufficient 
conditions (day 60); G, KS2 ammonium-sufficient conditions at 18 °C (day 110); H, KS2 ammonium-
sufficient conditions at 15 °C (day 140); I, KS2 ammonium-sufficient conditions at 11 °C (day 200). 
“Ca. K. stuttgartiensis” shows up in yellow/reddish (overlap of Cy3 KST1240 and FLUOS AMX820) 
and “Ca. S. profunda” shows up in green (FLUOS AMX820). The red circles in image F and G 
highlight the position of “Ca. S. profunda” anammox bacteria. 
 
To promote regrowth of “Ca. S. profunda”, 2 % RSM medium supplemented with 
10 mM ammonium and 12 mM nitrite was used as the influent from day 120 
onwards to ensure ammonium-sufficient conditions in the bioreactor which were 
maintained until the end of the experiment (day 150). Regrowth of “Ca. S. profunda” 
was not observed within this time frame by FISH analysis (data not shown). The 
qPCR data on the copy numbers of hzsA genes (Fig. 3) further corroborated the FISH 
results; “Ca. Kuenenia” hzsA gene copy numbers remained relatively stable 
(3.81012 – 9.81013 copies·ml-1) while the “Ca. Scalindua” hzsA copy numbers 
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dropped from 1.61012 copies·ml-1 during the ammonium-sufficient period to 4.9108 
copies·ml-1 after 35 days of ammonium-limited operation. The data gathered with this 
bioreactor experiment suggested that ammonium-limitation benefits the freshwater 
“Ca. Kuenenia” anammox bacteria instead of the marine “Ca. Scalindua”. This is 
somewhat contrary to the hypothesis that competition for ammonium might be a 
reason for the dominance of “Ca. Scalindua” anammox in marine ecosystems. To 
rule out that the observed loss of “Ca. Scalindua” from the bioreactor was caused by 
the use of a “Ca. Kuenenia” medium supplemented with Red Sea salt as the influent, 
bioreactor KS2 was set-up with “Ca. Scalindua” medium (see below). 
 
Fig. 3 Changes in the relative abundance (analysis on DNA) of hzsA gene copy number from “Ca. K. 
stuttgartiensis” (black) and “Ca. S. profunda” (gray) anammox bacteria of the KS1 membrane 
bioreactor in response to changing residual ammonium concentration. Values of hzsA copy number are 
the averages of values from 3 measurements. 
 
Bioreactor KS2 
In the KS2 bioreactor, 150 ml “Ca. K. stuttgartiensis” single cells in 1 L “Ca. 
Kuenenia” medium were salt-adapted by using 2 % RSM as the influent. No change 
in reactor activity was observed during the salt-adaptation (days 0-10) because no 
nitrite accumulation was observed. After introduction of the “Ca. S. profunda” 
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anammox bacteria on day 11 (the OD600 of each species in the bioreactor was 0.13) 
followed by 10 days of operation under ammonium-sufficient conditions, the effluent 
contained about 300 μM residual ammonium (OD600 maintained at 0.27 to 0.28). In 
contrast to the lack of obvious changes in anammox community composition in 
bioreactor KS1 during the ensuing ammonium-sufficient period, for KS2 an increase 
in abundance (from 40% to 60%) of “Ca. S. profunda” anammox bacteria was 
observed after 7 days under ammonium sufficient conditions (see Fig. 2D and Fig. 4). 
This indicates that RSM medium is indeed more suitable for “Ca. Scalindua” than 
“Ca. Kuenenia” medium supplemented with Red Sea salt. Reasons for this might be 
the additional mineral elements present in KS1 medium, including magnesium 
sulfate, calcium chloride, iron sulfate and other trace elements (van de Graaf et al., 
1996), which were present in lower concentrations or absent in the “Ca. Scalindua” 
medium. For instance, no additional magnesium sulfate, calcium chloride and other 
trace elements were provided to the “Ca. Scalindua” medium, and the concentration 
of iron sulfate was 2.5 times lower in “Ca. Scalindua” medium than in “Ca. 
Kuenenia” medium. 
 
Fig. 4 Changes in the relative abundance (analysis on DNA) of hzsA gene copy number from “Ca. K. 
stuttgartiensis” (black) and “Ca. S. profunda” (gray) anammox bacteria of the KS2 membrane 
bioreactor in response to changing residual ammonium concentration. Values of hzsA copy number are 
the averages of values from 3 measurements. 
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The nitrite concentration of the influent was increased to 12.5 mM on day 21 to 
induce competition for ammonium and this led to a residual effluent ammonium 
concentration of about 20 μM. However, once again a rapid decrease of “Ca. 
S. profunda” anammox cell numbers was observed (OD600 dropped to 0.16). The 
“Ca. S. profunda” cell abundance dropped below the FISH detection limit (see Fig. 
2E) and “Ca. Scalindua” hzsA copy numbers dropped from 3.81012 to 4.0108 
copies·ml-1 within 15 days (Fig. 4). This strongly indicates that ammonium-limitation 
does lead to a “Ca. Kuenenia”-dominated community and selects against “Ca. 
Scalindua”. Even when cultivation was performed with “Ca. Scalindua” medium, 
“Ca. Kuenenia” became the most abundant community member under ammonium-
limited conditions. When biorecator KS2 was switched back to operation under 
ammonium-sufficient conditions from day 41 onwards, some regrowth of “Ca. 
Scalindua” was observed (as indicated by increase in hzsA gene copies from 4.0108 
– 1.11010 copies·ml-1) within a time span of 25 days (as shown in Fig. 2F and Fig.4). 
After 30 days of operation under ammonium sufficient conditions a stable co-culture 
of “Ca. K. stuttgartiensis” (99% based on FISH analysis, 6.3 ± 0.81012 copies·ml-1 
of the hzsA gene) and “Ca. S. profunda” was obtained, (1% based on FISH analysis, 
1.7 ± 0.21010 copies·ml-1 of the hzsA gene). This implies that nitrite-limitation (the 
consequence of ammonium-sufficient conditions) alone is insufficient to select for 
“Ca. Scalindua” instead for “Ca. Kuenenia”. 
Effect of temperature  
To explore the response of the co-culture to lowered temperatures, bioreactor KS2 
was subsequently operated at lower temperatures as shown in Table 1. The influent 
substrate concentration was also adjusted to a lower level because of the decrease in 
activity at lower temperatures. The relative abundance of “Ca. S. profunda” 
anammox bacteria increased from 1% to 50% of the total community (see Fig.2G to I) 
while the operating temperature was lowered from 22 °C to 11 °C in 47 days (from 
day 78 to 125), but the OD600 of the culture also dropped from 0.24 to 0.15, which 
indicates a decrease of the total cell number. Based on the hzsA gene qPCR results, 
low temperature led to a decrease of “Ca. K. stuttgartiensis” numbers (hzsA gene 
copies decreased from 8.21012 – 1.41011 copies·ml-1, see Fig.5) but resulted in an 
increase of “Ca. S. profunda” numbers (increase of hzsA gene copies from 3.01010 
– 1.71011 copies·ml-1) under ammonium-sufficient conditions (nitrite-limitation). 
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Fig. 5 Changes in the relative abundance of hzsA gene copy numbers from “Ca. K. stuttgartiensis” 
(black) and “Ca. S. profunda” (gray) anammox bacteria in response to lowering of the operating 
temperature. Values of hzsA copy number are the averages of values from 3 measurements. 
 
Reverse transcription qPCR analysis 
Expression of “Ca. K. stuttgartiensis” and “Ca. S. profunda” hzsA genes 
The expression of “Ca. K. stuttgartiensis” and “Ca. S. profunda” hzsA genes under 
each of the adopted conditions is shown in Fig. 6. The hzsA gene expression 
followed the same trend as that of the hzsA copy numbers. No obvious changes in 
abundance of “Ca. K. stuttgartiensis” and “Ca. S. profunda” anammox bacteria were 
observed under ammonium sufficient conditions and the “Ca. S. profunda” hzsA 
gene expression decreased rapidly under ammonium limitation in both bioreactor 
experiments. An increase of “Ca. S. profunda” hzsA gene expression was observed 
in the KS2 experiment under ammonium-sufficient conditions (nitrite limitation). In 
comparison to abundance data, relatively expressions of “Ca. S. profunda” (copy 
numbers of “Ca. Scalindua” hzsA gene/ copy numbers of “Ca. Kuenenia” hzsA gene) 
were higher under ammonium-sufficient condition (ten times) and the temperature 
lowering periods (fifty times at 11°C). These data suggest relatively higher potential 
activity of “Ca. S. profunda” anammox bacteria under such conditions.  
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In addition, the expression ratio (hzsA gene copies·ng RNA-1/ hzsA gene copies·ng 
DNA-1) of both “Ca. S. profunda” cells (6% on average) as well as “Ca. K. 
stuttgartiensis” (1% on average) were very low under all conditions when compared 
to previous studies of “Ca. K. stuttgartiensis” and “Ca. S. profunda” (Kartal et al., 
2011; van de Vossenberg et al., 2012). This might be caused by a high abundance but 
low activity of the anammox cells or it might be an artifact from the sample handling 
and especially storage. As described in the material and methods section, all of the 
samples used for RNA extraction were frozen immediately using liquid nitrogen after 
biomass was harvested by centrifugation and subsequently stored at -80°C to avoid 
mRNA degradation. Despite these measures it cannot be completely excluded that a 
portion of the mRNA degraded prior to extraction which would lead to a lower 
proportion of mRNA out of the total RNA extracted, which would ultimately result 
in lowered relative expression ratios. Also the qPCR data and Illumine RNAseq may 
not be that comparable. 
 
Fig. 6 hzsA gene expression by “Ca. K. stuttgartiensis” (black) and “Ca. S. profunda” (gray) anammox 
bacteria. A, ammonium-sufficient conditions in KS1; B, ammonium limitation in KS1; C, ammonium-
sufficient conditions in KS2; D, ammonium limitation in KS2; E, ammonium-sufficient conditions in 
KS2 at 22 °C; F, ammonium-sufficient conditions in KS2 at 18 °C; G, ammonium-sufficient conditions 
in KS2 at 15°C. 
 
Ammonium (amtB) and nitrite transporter (focA) genes expression for “Ca. K. 
stuttgartiensis” and “Ca. S. profunda” anammox bacteria  
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The expression of all ammonium and nitrite transporter genes were monitored in both 
KS bioreactors under all of the different conditions (see Fig. 7 – 10). In general, the 
expression of ammonium and nitrite transporter genes might be not only depend on 
the residual substrate conditions but also on mineral elements in the medium for both 
“Ca. K. stuttgartiensis” and “Ca. S. profunda”. For “Ca. K. stuttgartiensis”, up 
regulated expression of ammonium transporter genes (20-fold) and down regulated 
expression of nitrite transporter genes (30-fold) were observed under ammonium 
limitation in comparison to the ammonium-sufficient conditions in bioreactor KS1, 
but not in bioreactor KS2. In the KS2 bioreactor down regulated expression of both 
“Ca. K. stuttgartiensis” ammonium (10-fold) as well as nitrite transporter genes (40-
fold) were observed under ammonium limitation. A reason for this difference might 
be the medium composition of bioreactor KS1 and 2. The medium used for 
bioreactor KS1 contains more mineral elements (e.g. magnesium, calcium and iron) 
which might benefit “Ca. K. stuttgartiensis”. For “Ca. S. profunda”, up regulated 
expression of both ammonium transporter genes (10- and 30-fold, in KS1 and KS2, 
respectively) and nitrite transporter genes (450- and 350-fold, in KS1 and KS2, 
respectively) was observed under ammonium limitation in both bioreactors. 
Moreover, an extremely low (0.11) relative expression for ammonium transporter 
genes (total amtB gene copies·ng RNA-1/ hzsA gene copies·ng RNA-1) and a high 
(2.5  104) expression ratio for nitrite transporter genes (total focA gene copies·ng 
RNA-1/ hzsA gene copies·ng RNA-1) was observed for “Ca. S. profunda” under all 
conditions. In comparison “Ca. K. stuttgartiensis” expression ratios were 80 for 
ammonium and 20 for nitrite which suggests that Ca. K. stuttgartienses might be 
better equipped to deal with ammonium-limited conditions and “Ca. S. profunda” 
with nitrite-limited conditions. 
Both “Ca. K. stuttgartiensis” and “Ca. S. profunda” possess multiple ammonium and 
nitrite transporter genes whose roles and contribution to substrate transportation 
might differ. Both for “Ca. K. stuttgartiensis” as well as for “Ca. S. profunda” it was 
found that one single ammonium tranporter gene was always expressed at the highest 
level in comparison to the other transporter genes. For “Ca. K. stuttgartiensis” this 
was kuste1009 and for “Ca. S. profunda” this was scal00594 (see Fig. 7 and 8). The 
same was observed for the nitrite transporter genes (see Fig. 9 and 10) with 
kuste4324 expressed at the highest level of all “Ca. K. stuttgartiensis” and scal00416 
of all “Ca. S. profunda” focA genes. One out of the five “Ca. K. stuttgartiensis” 
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putative amtB genes was not expressed (kuste0381) at any time. No obvious relation 
between expression pattern and operating conditions could be discerned (Fig. 7-10).  
 
Fig. 7 Expression of “Ca. K. stuttgartiensis” amtB genes. A, ammonium-sufficient conditions in KS1; 
B, ammonium limitation in KS1; C, ammonium-sufficient conditions in KS2; D, ammonium limitation 
in KS2; E, ammonium-sufficient conditions in KS2 at 22 °C; F, ammonium-sufficient conditions in KS2 
at 18 °C; G, ammonium-sufficient conditions in KS2 at 15°C.  
 
 
Fig. 8 Expression of “Ca. S. profunda” amtB genes. A, ammonium-sufficient conditions in KS1; B, 
ammonium limitation in KS1; C, ammonium-sufficient conditions in KS2; D, ammonium limitation in 
KS2; E, ammonium-sufficient conditions in KS2 at 22 °C; F, ammonium-sufficient conditions in KS2 at 
18 °C; G, ammonium-sufficient conditions in KS2 at 15°C. 
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Fig. 9 Expression of “Ca. K. stuttgartiensis” focA genes. A, ammonium-sufficient conditions in KS1; B, 
ammonium limitation in KS1; C, ammonium-sufficient conditions in KS2; D, ammonium limitation in 
KS2; E, ammonium-sufficient conditions in KS2 at 22 °C; F, ammonium-sufficient conditions in KS2 at 
18 °C; G, ammonium-sufficient conditions in KS2 at 15°C. 
 
 
Fig. 10 Expression of “Ca. S. profunda” focA genes. A, ammonium-sufficient conditions in KS1; B, 
ammonium limitation in KS1; C, ammonium-sufficient conditions in KS2; D, ammonium limitation in 
KS2; E, ammonium-sufficient conditions in KS2 at 22 °C; F, ammonium-sufficient conditions in KS2 at 
18 °C; G, ammonium-sufficient conditions in KS2 at 15°C. 
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Discussion 
Competition between freshwater and marine anammox bacteria in response to 
substrate limitation 
Both ammonium and nitrite concentrations are very low in marine OMZs, and 
therefore one of our hypotheses was that a better affinity for ammonium might be a 
reason for the dominance of “Ca. S. profunda” genus anammox bacteria in the 
marine ecosystem. In the present study, we found using batch incubations that both 
“Ca. K. stuttgartiensis” and “Ca. S. profunda” possess high and comparable affinities 
for ammonium (Ks = 0.8 and 0.2 µM respectively) and nitrite (Ks = 7 and 6 
respectively). In the long-term competition bioreactor experiments it was found that 
“Ca. S. profunda” decreased in abundance and “Ca. K. stuttgartiensis” persisted 
under ammonium-limited conditions. These findings contradict the hypothesis that 
“Ca. Scalindua” might be more abundant in the marine ecosystem due to a superior 
affinity for ammonium. 
When nitrite was limited, no obvious competition between “Ca. K. stuttgartiensis” 
and “Ca. S. profunda” could be observed, although the growth of “Ca. Scalindua” 
was only observed in KS2 feeding with RSM, which suggested the growth of “Ca. 
Scalindua” was probably limited by salt composition and some trace elements. 
Distinct competition was observed in response to ammonium limitation. However, 
the results suggested that “Ca. K. stuttgartiensis” benefited from ammonium 
limitation and won the competition from “Ca. S. profunda”. Our data also suggested 
nitrite limitation (ammonium-sufficient) together with proper sea salt medium were 
necessary for the growth of “Ca. S. profunda” anammox bacteria, but they were 
insufficient to explain the dominance of “Ca. S. profunda” anammox bacteria in the 
ocean since these conditions were not detrimental to “Ca. K. stuttgartiensis” 
anammox bacteria. 
The rapid disappearance of “Ca. S. profunda” anammox bacteria (no detection by 
FISH or qPCR analyses within 2 weeks) from the bioreactors under ammonium 
limitation was quite unexpected. As described in the materials and methods section, a 
membrane bioreactor was used for this study with a membrane pore size of 0.2 μm 
and because the diameter of anammox cells is in the range of 0.8 – 1.1 μm (van 
niftrik et al., 2008b) these cells will be retained within the bioreactor. Two scenarios 
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might explain the lack of “Ca. S. profunda” detection. The first is that under 
ammonium limitation “Ca. S. profunda” loses the competition for ammonium and 
dies. The dead “Ca. S. profunda” cells are subsequently degraded by members of the 
side-population (3% of the total population). A second explanation may be that when 
facing adverse conditions the “Ca. S. profunda” cells switch to biofilm formation 
(Joshua et al., 2006; Vu et al., 2009) leading to a reduction of planktonic cells within 
the bioreactor. The fate of the “Ca. S. profunda” cells under ammonium-limitation 
was not explored within our current study.  
Competition between freshwater and marine anammox bacteria in response to 
lowered temperature 
Anammox bacteria are cultivated under  moderate temperatures around 30-37 °C 
(Egli et al., 2001; Quan et al., 2008; van de Vossenberg et al., 2008; Oshiki et al., 
2011). In marine OMZs where members of the anammox genus “Ca. Scalindua” 
predominate the temperature is generally much lower (0~16 °C), suggesting that “Ca. 
Scalindua” anammox bacteria may also thrive under lower temperatures. In the 
present study, the differences in the response of “Ca. K. stuttgartiensis” and “Ca. S. 
profunda” anammox bacteria to lowering of the temperature were most pronounced 
when the temperature fell below 15 °C. The abundance of “Ca. K. stuttgartiensis” 
decreased about 50-fold while the abundance of “Ca. S. profunda” increased about 
10-fold as a result of the lowering of the temperature. These data confirmed our 
hypothesis that “Ca. S. profunda” may be better equipped to deal with lower 
temperatures than “Ca. K. stuttgartiensis” which may contribute to the observed 
dominance of “Ca. S. profunda” in marine environments. 
Our data suggests that “Ca. K. stuttgartiensis” is a better competitor for ammonium 
and is able to outcompete “Ca. S. profunda” under ammonium-limited conditions in 
the presence of 2% salt. “Ca. S. profunda” increased in abundance under nitrite 
limitation and benefited from lowered temperatures but was unable to outcompete 
“Ca. K. stuttgartiensis” in our experiments. Most likely a combination of several 
environmental parameters is responsible for the observed dominance of “Ca. 
S. profunda” in marine environments. In addition to the parameters investigated in 
this study (substrates limitation and lowered temperature), other parameters might 
also effect the species distribution the marine ecosystem, such as oxygen 
concentration, acetate, amino acids and other organic matters. Oxygen inhibits 
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anammox activity at a very low concentration. Activity “Ca. Brocadia” anammox 
bacteria is completely inhibited when 0.1 μM oxygen is present (Strous et al., 1997). 
In marine OMZs, anammox activity is still detectable in the presence of 20 μM 
oxygen (Kalverlage et al., 2011). These findings indicate a higher oxygen tolerance 
of “Ca. Scalindua” might also play a role in anammox species differentiation. Thus, 
future studies focusing on the response of different anammox species to variable 
amounts of oxygen in short term experiments (such as batch incubations) might help 
elucidate this hypothesis, since long term incubation will induce the growth of 
indigenous aerobic ammonium oxidizers (Yan et al., 2010). 
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English summary 
Several important ecophysiological features of marine aerobic ammonia oxidizers, 
anammox bacteria, nitrite oxidizers were described in this thesis with the aim to 
improve knowledge of their interactions. 
In Chapter 2, the activities of aerobic ammonina-oxidizing bacteria (AOB) 
enrichment cultures were compared in both free-living and immobilized biomass 
systems under high salinity conditions in the presence of organic compounds. The 
immobilization method (binding to sodium alginate beads) used in this study did not 
harm to the AOB cells because no obvious differences could be discerned in activity 
as well as community composition of enrichment cultures when compared to free-
living biomass. The immobilized biomass was less sensitive to salt stress (up to 30%) 
compard to the suspended biomass. Therefore, the immobilization method described 
in this chapter presents a promising pre-treatment and nitrite supply for application as 
the first step in a two step anammox process, in order to maintain the activity of 
AOB under salt stress. 
Cooperation between aerobic and anaerobic ammonium oxidizers has been described 
in a single system for freshwater systems called completely autotrophic nitrogen 
removal over nitrite (CANON), which is the so-called one step anammox process. 
However, the interactions between aerobic and anaerobic ammonium oxidizers in 
marine ecosystems remained not well investigated. The possible interactions between 
marine nitrifiers and anammox bacteria were investigated in Chapter 3 and Chapter 4 
of this thesis. In Chapter 3, interactions between marine anammox bacteria and 
nitrifiers were investigated in a newly developed model system, in response to 
incremental amounts of oxygen. Under oxygen-limited condition (ammonium was 
always sufficient), cooperation between endogenous Nitrosomonas-like AOB and 
“Ca. Scalindua sp.” marine anammox bacteria were observed. By increasing oxygen 
availability in the system, the activity of anammox bacteria was not inhibited, due to 
the simultaneous activity of nitrifiers. Both the abundance and activity of AOB 
increased with incremental exposure to oxygen. Activity of aerobic nitrite oxidizers 
(most likely Nitrospira sp.) was only observed when the oxygen availability was 
high (2 ml·min-1 in this study). Although Thaumarchaea closely related to the 
ammonia-oxidizer “Ca. Nitrosopumilus maritimus” were detected in very low 
numbers, they were assumed not to contribute significantly to nitrification in this 
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study. This might indicate that the experimental settings described in Chapter 3 were 
not suitable for aerobic ammonia-oxidizing archaea (AOA). Therefore, in Chapter 4, 
experiments were designed to, as close as practically possible, mimick marine OMZs. 
To achieve this, the model system developed in Chapter 3 was operated with very 
low oxygen availability and under ammonium-limited conditions. By introducing a 
pre-cultivated AOA culture (Nitrosopumilus maritimus strain SCM1) to marine “Ca. 
Scalindua profunda” anammox bacteria under oxygen limitation, a stable mixed 
culture of AOA, endogenous AOB and anammox bacteria was established. The 
activity of anammox bacteria were not affected by the introduction of oxygen, which 
confirmed the results in Chapter 3. However, the expression of anammox ammonium 
transporter genes (amtB) and the lipid composition of anammox bacteria did change 
in this set-up in respond to limiting ammonium concentrations. Up-regulated 
expression of amtB genes, genes involved in oxidative stress (cytochrome c oxidase, 
cytochrome c peroxidase and rubredoxin superoxide reductase) and increasing 
abundance of C18[3] lipids were observed under oxygen- and ammonium-limited 
conditions, which might enable anammox bacteria to cope with oxygen exposure 
and/or ammonium limitation. Differential responses to ammonium concentration 
were observed for AOA and AOB. Growth of AOB was observed when the 
ammonium concentration exceeded 300 μM (25-fold increase, based on amoA gene 
copy numbers), and remarkably growth of AOA was observed when the ammonium 
concentration was below 30 μM (amoA gene copy number of AOA increased more 
than 100-fold). A stable mixed culture with equal numbers of AOA and AOB were 
observed at the end of this study (about 1% of the total community for each of them). 
Furthermore, AOA and AOB were confirmed to contribute equally to nitrification in 
the mixed culture. Activity of aerobic nitrite-oxidizing bacteria was not detectable 
throughout the entire study, which might be due to the extremely low oxygen 
availability. To summarize the results in Chapter 3 and 4, we were able to 
convincingly show that both AOA and AOB may provide nitrite to anammox 
bacteria. The relatively contribution of AOA and AOB to this nitrite supply will 
depend on environmental factors, such as oxygen and ammonium availability. Under 
oxygen- and ammonium-limited conditions, AOA might play a crucial role in 
nitrification due to high affinities for both oxygen and ammonium, while AOB might 
be more important when ammonium and oxygen are present in sufficient quantities. 
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Chapters 2-4 focused on nitrifier activity in immobilized biomass versus free 
biomass and nitrifier coexistence with anammox bacteria. Chapter 5 focused solely 
on anammox bacteria, while searching for differences in the ecophysiology of marine 
versus freshwater anammox bacteria. So far only representatives of the “Ca. 
Scalindua” genus have been detected in marine ecosystems, but the reason for this 
peculiar species distribution was unknown. The effects of substrate limitation 
(ammonium and nitrite) and temperature on the competition between marine (“Ca. 
Scalindua profunda”) and freshwater (“Ca. Kuenenia stuttgartiensis”) anammox 
bacteria were investigated. “Ca. K. stuttgartiensis” and “Ca. S. profunda”, turned out 
to possess equally high affinities to ammonium and nitrite. The differences between 
substrate affinities of “Ca. K. stuttgartiensis” and “Ca. S. profunda” were too small 
to predict the outcome of competition for these substrates. Therefore, both “Ca. K. 
stuttgartiensis” and “Ca. S. profunda” anammox bacteria were introduced into a 
single system for a long-term competition experiment. Our data suggested that “Ca. 
K. stuttgartiensis” won the competition for ammonium. However, “Ca. S. profunda” 
could gain benefit from combined conditions with nitrite-limited and lowered 
temperature, which suggested that “Ca. S. profunda” may be better equipped to deal 
with lower temperatures. 
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中文摘要 
本文主要研究了海洋中好氧，厌氧氨氧化菌，亚硝酸盐氧化菌及其之间的相互
作用以及生理生态学特性。 
第二章对比了悬浮污泥和固定化污泥小球在含有机碳源的高盐度废水中的氨氧
化活性。结果表明，本研究中所用到的固定化方法对混培物中好氧氨氧化菌的
活性及其菌群结构没有明显影响，但固定化以后的污泥小球对盐度的冲击负荷
比固定前提高了 30％。因此，本研究中的固定化方法可作为后续厌氧氨氧化反
应的理想预处理方法，为厌氧氨氧化反应提供亚硝氮。 
除了上述两阶段运行的厌氧氨氧化系统外，在污水处理工艺中还开发了单阶段
运行的厌氧氨氧化过程，称为单级自养脱氮（CANON），既将好氧氨氧化菌
和厌氧氨氧化菌在同一个系统混培，使其协同共生。然而，海洋环境中的单级
自养脱氮系统尚未见报道，因此本文在第三和第四章中着重研究了海洋中好氧
氨氧化菌和厌氧氨氧化菌在同一个系统中的相互作用。在第三章开发出了一套
模拟海洋限氧环境的反应装置，并在该装置中研究了不同供氧条件下海洋硝化
菌和厌氧氨氧化菌之间的相互作用。结果表明，本研究在海洋限氧条件下成功
获得了好氧氨氧化菌（Nitrosomonas）和厌氧氨氧化菌（ “Ca. Scalindua 
profunda”）的混培物，并证实了二者之间的协同作用。当增加对反应系统的供
氧量时，好氧氨氧化菌的数量也逐渐增加。另外，由于硝化菌同步消耗了体系
中的溶解氧，使得反应体系中的始终保持厌氧状态，因此厌氧氨氧化菌的活性
并未受到抑制；亚硝酸盐氧化菌（Nitrospira）只当系统供氧量足够高时才具有
活性（本章中 2 ml·min-1）；好氧氨氧化古菌虽然存在于混培物中，但可能由
于实验条件并不适合好氧氨氧化古菌生长，好氧氨氧化古菌在混培物并不表现
活性。因此，在第四章中，针对好氧氨氧化古菌的习性，尽可能的模拟了海洋
限氧层中的环境条件－极端限氧和限氮。在限氧条件下，将预培养的好氧氨氧
化古菌（Nitrosopumilus maritimus strain SCM1）菌悬液加入海洋厌氧氨氧化菌
（“Ca. Scalindua profunda”）富集物中，可获得稳定的好氧氨氧化古菌、细菌
和厌氧氨氧化菌混培物。在限氧条件下，厌氧氨氧化菌的活性并未受到抑制，
这点与第三章中实验结果一致。然而，与厌氧条件下不同的是厌氧氨氧化菌的
氨氮转运体基因和脂质成分在在限氧条件下均发生了改变。限氧条件下，厌氧
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氨氧化菌的氨氮转运体基因以及氧化应激基因的表达比在厌氧条件下显著提
高，C18[3]脂在脂质组成的比例也明显增加。这些改变可能有助于海洋厌氧氨
氧化菌更好的适应限氧和低氮的条件。实验结果还表明，好氧氨氧化古菌和细
菌生长所需的氨氮浓度不同。当剩余氨氮浓度高于 300μM 时，只能检测到好
氧氨氧化细菌的生长（25 倍）；当剩余氨氮浓度低于 30μM 时可检测到好氧氨
氧化古菌的显著生长（100 倍）。在本章所述的实验中，最终获得了等量的好
氧氨氧化古菌和细菌，并证实了其在混培物中的好氧氨氧化活性亦均等。由于
实验在极端限氧条件下进行，实验中并未检测到亚硝酸盐氧化菌的活性。综上
两章所述，本研究证实了海洋好氧氨氧化古菌和细菌均可为厌氧氨氧化菌提供
亚硝酸盐，而其相对活性则取决于环境因素，例如溶解氧和氨氮浓度。在极端
限氧和低氨氮浓度下，好氧氨氧化古菌的活性可能相对较强；而当氧和氨氮相
对充足时，好氧氨氧化细菌的活性则相对较强。 
第二到第四章主要侧重于硝化菌及其与厌氧氨氧化菌之间的相互作用。第五章
则主要针对厌氧氨氧化菌菌种分布规律，研究淡水和海洋菌种的生理生态学差
异，进而探索影响厌氧氨氧化菌菌种分布的环境因素。此章中主要研究基质浓
度和环境温度对淡水（“Ca. Kuenenia stuttgartiensis”）和海洋（“Ca. Scalindua 
profunda”）厌氧氨氧化菌之间相互竞争的影响。淡水和海洋厌氧氨氧化菌均对
氨氮和亚硝氮均具有极高的亲和力。但由于他们基质亲和力的差异太小，不足
以预测他们之间基质竞争的结果。因此，本实验将淡水和海洋厌氧氨氧化菌接
种到单一反应器中，研究基质和温度条件对两菌种竞争的远期效应。结果表
明，淡水厌氧氨氧化菌种在氨氮浓度不足条件下有明显优势；海洋厌氧氨氧化
菌种则在低温和亚硝氮浓度不足协同条件下体现优势。 
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Outlook 
Based on the results of this thesis, directions for future research to elucidate the 
nitrite source for anammox bacteria in marine OMZs and to further investigate the 
ecophysiological features underlying the restricted species distribution of anammox 
bacteria in the ocean can be defined. 
Nitrite source for anammox bacteria in marine OMZs 
Nitrifier (AOA and/or AOB) activity providing nitrite to anammox bacteria in marine 
OMZs was explored in Chapter 3 and 4. The model system developed in these 
chapters yielded good evidence for cooperation between nitrifiers and anammox, 
which might be used to test the interaction between nitrifiers and anammox for 
environmental samples. 
In situ detection (Lam et al., 2009) suggests that anammox bacteria could also obtain 
nitrite through nitrate reduction, which might play a more important role than 
nitrification as a nitrite source for anammox bacteria. Nitrate reduction can be 
performed by many microbes (Zumft et al., 1997) such as denitrifiers. Nitrite 
substrate affinities of denitrifiers were reported to be less than 15 μM (Betlach and 
Tiedje, 1981), which is slightly lower than that of anammox bacteria (< 5 μM, Strous 
et al., 1999; < 3 μM, van de Star et al., 2008; < 7 μM, Chapter 5 of this thesis). This 
indicates that anammox bacteria might be well equipped to scavenge the nitrite 
produced by denitrifiers. However, many electron donors for denitrification such as 
organic carbon (Güven et al., 2005; Dapena-Mora et al., 2007) or sulfide are 
inhibitory to anammox bacteria (Dapena-Mora et al., 2007; Jensen et al., 2007). Not 
all denitrifiers can perform the entire denitrification process, converting nitrate 
ultimately to dinitrogen gas. For instance, Sulfuricurvum kujiense (Kodama and 
Watanabe, 2004), Thiobacillus thioparus (van den Ende and van Gemerden, 1993) 
and Alkalispirillum mobile strain ALPs 2 (Sorokin et al., 2006) reduce nitrate to 
nitrite without further utilizing the nitrite, and hence might be excellent nitrite 
suppliers for anammox bacteria. In marine OMZs, nitrate reducers using sulfur 
compounds as electron donor are important candidates to provide nitrite to anammox 
bacteria (Canfield et al., 2012). Therefore, it would be interesting to investigate the 
interactions between anammox bacteria and various nitrate reducers in response to 
different electron donors and nitrogen ratios.  
Chapter 6  
 
112 
Distribution of anammox bacteria in the ocean 
Only “Ca. Scalindua” genus anammox bacteria have been found in marine 
ecosystems (Schmid et al., 2007; Woebken et al., 2008; Harhangi et al., 2012). In an 
attempt to elucidate some of the reasons for this restricted phylogenetic diversity the 
effects of substrates availabilities and temperature on anammox diversity were 
investigated in Chapter 5. “Ca. Kuenenia” turned out to be a better competitor for 
ammonium than “Ca. Scalindua” indicating that ammonium limitation is an unlikely 
cause for the dominance of “Ca. Scalindua” in marine ecosystems, which is never 
challenged by other anammox bacteria. Lowered temperature (< 15 °C) combined 
with nitrite limitation were shown to be beneficial to “Ca. Scalindua” anammox 
bacteria. However, there are much more environmental factors that might affect the 
species distribution of anammox bacteria, such as oxygen concentration and organic 
matter concentration/composition which will need further studies. 
Anammox bacteria are known as strictly anaerobic microbes. Complete inhibition of 
activity for “Ca. Brocadia sp.” anammox bacteria has been observed in the presence 
of trace amounts of oxygen (~ 1 μM, Strous et al., 1997). Marine anammox bacteria, 
however, might be more tolerant to oxygen. Complete inhibition of anammox 
activity was only observed at an oxygen concentration above 20 μM in 15N-labeling 
experiments using OMZ samples (Kalvelage et al., 2011). In marine OMZs, where 
“Ca. Scalindua” anammox bacteria occur, the oxygen concentration might be high 
enough (< 2 μM to 90 μM , Codispoti et al., 2005; Karstensen et al., 2008; Paulmier 
and Ruiz-Pino, 2009) to exclude the growth of the more oxygen-sensitive freshwater 
species of anammox bacteria. Therefore experiments to assess the oxygen tolerance 
of marine versus freshwater species would be useful. Such experiments would have 
to be performed over as short as possible time period because of two reasons. 
Background respiration by heterotrophic organisms and, to a lesser extent, nitrifiers 
cannot be totally excluded (80-97% anammox bacteria in the total community). Also 
introducing oxygen to anammox enrichments in a long-term (> 3 days) experiment 
might induce the growth of indigenous AOA/AOB which would consume oxygen 
(see Chapter 3 and 4). 
By comparing the nitrogen composition from marine to freshwater ecosystems, it is 
not difficult to point out that the concentration of ammonium is much higher in 
freshwater systems than in the ocean. In fact the ammonium concentration reaches 
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almost zero in the deep ocean (see Fig. 1, Berman and Bronk, 2003). Because of 
these low amounts of ammonium in the ocean, it would be beneficial to marine 
ammonium-utilizing microbes to be able to use alternative sources of ammonium. In 
contrast with the “Ca. K. stuttgartiensis” genome, the genome of “Ca. S. profunda” 
contains many genes involved in oligopeptide transport systems. This suggest that 
“Ca. S. profunda” might use organic nitrogen as alternative ammonium source for 
the anammox reaction (van de Vossenberg et al., 2012), which “Ca. K. 
stuttgartiensis” is not able to use directly (Sliekers et al., 2004). Whether “Ca. S. 
profunda” is truly able to use alternative ammonium sources should be verified 
experimentally to be able to evaluate whether that capacity might play an important 
role in anammox species distribution. 
 
Fig. 1 Average composition of nitrogen pools (except dissolved N2) in open ocean surface water, open 
ocean deep water, coastal, estuarine waters and the euphotic zone of lake Kinneret (modified from 
Berman and Bronk, 2003). DON: dissolved organic nitrogen; PON: particulate organic nitrogen. 
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